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In my thesis, we studied the two X chromosome-wide regulatory mechanisms in D. 
melanogaster: dosage compensation in male somatic tissues and X-chromosome suppression 
in the male germline. The first part of my project involved generating a large number of 
random insertions of a ubiquitously expressed reporter gene on the X chromosome and 
measuring their expression level in different tissues of males and females. By calculating the 
correlation between the reporter gene expression in males, females, the male-to-female 
expression ratio, as well as the distance to the nearest dosage compensation complex (DCC) 
binding sites, we aimed to test the effects of the chromosomal context on the expression of X-
linked genes in D. melanogaster males and females. The second part of my project involved a 
forward genetic screen of flies carrying a reporter gene specifically expressed in Drosophila 
testis. With this approach, we aimed to detect candidate genes associated with X 
chromosomal suppression in the male germline.  
 
This study was conducted between October 2017 and March 2021 with the following 
contributions from other scientists:  
1. The conception and design of the study were done by John Parsch and me. The 
manuscript was written by me with the support and revision of my supervisor, John 
Parsch.  
2. The results of the first part of this study are based on the publication in Genome 
Biology and Evolution:  
 
Belyi A, Argyridou E, Parsch J. 2020. The influence of chromosomal environment on 
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In my thesis, I used the original data, text and figures from the published paper with 
minor changes without providing references to the published paper. The generation of 
82 new reporter gene insertions, mapping the insertion sites, measuring reporter gene 
expression, collecting all data, and statistical analysis were done by myself. The CMV-
lacZ reporter gene construct was generated by John Parsch. Initial insertions of this 
reporter gene at 20 unique X-linked locations were generated by Eliza Argyridou and 
John Parsch.  
 
3. The genetic screen of mutant flies was performed by me in collaboration with Eliza 
Argyridou, Hildegard Lainer, Anna-Lena Schumacher and two supervised master 
students: Ingo Müller and Derek Roberts. All genetic crosses, the generation of 
reporter gene expression data, and the statistical analysis for all candidate lines were 
performed by me. Mapping the chromosomal location of causative mutations using 
genetic crosses and analysing the association of target mutations and mutant 
phenotype were carried out by myself. PCR assays for the association analysis were 
performed by myself with the help of Hildegard Lainer. The design of the primers for 
the association analysis was done by John Parsch. Mapping the genomic location of all 
induced mutations using whole-genome sequencing and searching for candidate 
mutations were done by John Parsch and Eliza Argyridou. Expression of endogenous 
X-linked genes in the testis of the INXS1 line was measured using the RNA 
sequencing approach with library preparation and data analysis performed by Eliza 
Argyridou. The knockdown of the candidate genes using RNA interference (RNAi) 
was performed by myself. The expression of endogenous X-linked genes in the testis 
of the INXS2 mutants and flies with knockout genes was measured using the 
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) approach by 
myself with the help of Hildegard Lainer. I performed fertility tests and morphological 









The evolution of genetic sex determination in many organisms has led to the development of 
heteromorphic sex chromosomes. Such chromosomes often acquire specific regulatory 
mechanisms and gene content due to the absence of recombination between them. In D. 
melanogaster, two major chromosomal regulatory mechanisms, X chromosome-specific 
dosage compensation and X suppression in the male germline, create a unique environment 
for gene expression in different sexes and across tissues.  
 
In the male soma, X-linked genes are dosage compensated by having their expression 
up-regulated, a process mediated by the binding of the dosage compensation complex (DCC). 
Previous studies of X-linked gene expression found a negative correlation between a gene’s 
male-to-female expression ratio and its distance to the nearest DCC binding site in somatic 
tissues, including head and brain, which suggests that dosage compensation influences sex-
biased gene expression. However, a limitation of the previous studies was that they focused 
on endogenous X-linked genes and, thus, could not disentangle the effects of chromosomal 
position from those of gene-specific regulation. In the first part of my thesis, we addressed 
this limitation by examining the expression of a CMV-lacZ reporter gene construct consisting 
of the Escherichia coli lacZ gene under the control of the minimal human cytomegalovirus 
(CMV) promoter inserted at many locations spanning the X chromosome. By doing so, we 
were able to test the effect of a reporter gene’s proximity to a DCC binding site on its 
expression in males, females and the male-to-female expression ratio across different tissues. 
We observed a negative correlation between the male-to-female expression ratio of the 
reporter gene and its distance to the nearest DCC binding site in somatic tissues but not in 
gonads. A reporter gene’s location relative to a DCC binding site had a greater influence on 
its expression than the local regulatory elements of neighbouring endogenous genes, 
suggesting that intra-chromosomal variation in the strength of dosage compensation is a major 
determinant of sex-biased gene expression. Average levels of sex-biased expression did not 
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differ between head and brain, but there was greater positional effect variation in the brain, 
which may explain the observed excess of endogenous sex-biased genes located on the X 
chromosome in this tissue.  
 
In the male germline, however, there is no DCC-mediated dosage compensation, and 
the expression of X-linked genes is suppressed through a mechanism analogous to the meiotic 
sex chromosome inactivation that occurs in mammals. In contrast to the latter, in Drosophila 
the X suppression is not complete and its extent is correlated with the gene’s expression level 
in testes. As the genetic and molecular mechanisms behind this X suppression are unknown, 
in the second part of my dissertation, we used a forward genetic screen to discover the genes 
responsible for the X suppression. For this, we performed chemical mutagenesis on males 
with an X-linked copy of the lacZ reporter gene controlled by the ocnus promoter, which has 
testis-specific expression and previously had shown a strong effect of X suppression.  
 
With this approach, we detected two mutant lines that we named INvolved in X 
Suppression (INXS1 and INXS2), which showed a strong increase of reporter gene expression 
relative to the control line. Analysis of endogenous X-linked gene expression confirmed a 
general increase in expression in both mutants. Also, males of both INXS mutants were sterile 
and displayed complete sperm immobility. Taken together, these phenotypes indicate suggest 
that there is partial or complete relaxation of X suppression in the male germline. We found 
four top candidate genes on the X (INXS1: CG13003; INXS2: CG1314) and third 
chromosomes (INXS1 and INXS2: CG31525; INXS1: CG42654), with all genes except 
CG13003 having high testis-specific expression. The genes CG13003, CG31525 and 
CG42654 showed a partial association with increased reporter gene expression in INXS1, 
whereas, in INXS2, both CG1314 and CG31525 showed a complete association. However, 
with a preliminary functional analysis of the CG13003, CG1314 and CG31525 genes using 
targeted RNA interference (RNAi) knockdown in different germline cell types and whole 
body, we were not able to find direct evidence for their role in the X suppression. This study 
generated the first mutant lines with partial or complete disruption of X suppression and 
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The origin of sexual reproduction in the common ancestor of eukaryotes is one of the most 
significant steps in evolutionary history. Sexual reproduction is a process specific to 
eukaryotes in which two individuals equally provide genetic material for the development of 
progeny. It involves the fusion of haploid germ cells (syngamy) followed by meiosis and 
chromosome recombination. Although sexual reproduction cannot provide as rapid an 
increase in the number of offspring as asexual reproduction and is associated with inevitable 
costs, today almost all eukaryotic species reproduce sexually (Otto and Lenormand, 2002; 
Ligrone, 2019).  
 
What advantages of sexual reproduction have ensured its prevalence in living 
organisms? As suggested over 100 years ago by August Weismann, sex provides greater 
genetic variability, so natural selection can work faster (Weismann et al., 1889). As a result of 
recombination, the offspring can obtain new combinations of alleles with favourable 
mutations in the new genetic background (Lane, 2019). On the other hand, sexual 
reproduction prevents the accumulation of harmful mutations, which, as described in the 
“Muller’s ratchet” model, occurs over generations of clones in asexual populations (Muller, 
1964). Another benefit of sexual reproduction was described by Bell in his now-classic “Red 
Queen hypothesis” for host-parasite systems (Bell, 1982). It suggests that the maintenance of 
a high diversity of genotypes by recombination allows the host population to resist (to stay in 
place by constantly running away) constantly adapting parasites to the common genotypes. In 
general, several conditions must be met for a population to benefit from sexual reproduction. 
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For example, the population must be of limited size and experience the effect of genetic drift, 
while being under spatially and temporally changing relatively strong selection (Hörandl, 
2009; Ligrone, 2019). 
 
Throughout eukaryotic evolution, various reproductive strategies, molecular 
mechanisms of reproduction, and behavioural patterns have emerged (Bell, 1982; Speijer et 
al., 2015). A minority of eukaryotes, mainly unicellular organisms, have isogamy, with 
phenotypically and, in some cases, genetically identical gametes. However, most organisms 
have developed anisogamy, where two types of gametes differ genetically and phenotypically 
(Perrin, 2012). Anisogamy appeared in different species independently due to disruptive 
selection to maximize the likelihood of mating, with one type of gamete loses motility and 
increases its size due to the accumulation of energetic resources, while the other type becomes 
highly motile without a large accumulation of resources. This results in a substantial increase 
in the number of male gametes produced and makes it easier for them to find female gametes, 
also through the development of a chemotaxis mechanisms (Bulmer and Parker, 2002). 
Furthermore, in the case of oogamy, the variation in the starting material for zygote 
development is reduced (Radzvilavicius et al., 2016). It is believed that the separation into 
two sexes (called gonochorism in animals and dioecy in plants) arose due to the oppositely 
directed selection of males and females (sexual antagonism) or as a mechanism to avoid self-
fertilization and “inbreeding depression”, that is, the accumulation of deleterious recessive 
alleles in the homozygous state, leading to a general decrease in the fitness of individuals 
(Falconer and Mackay, 1996; Delph, 2009; Leonard, 2018). 
 
There are two major groups of sex determination systems: environmental and genetic, 
which include a great variety of forms (Mankiewicz et al., 2013; Holleley et al., 2015; Sabath 
et al., 2016; Capel, 2017; Pennell et al., 2018; Kossack and Draper, 2019). Environmental sex 
determination means that an organism retains phenotypic plasticity during its development, 
and under certain conditions, it switches to one of the sexes. It is observed in many cold-
blooded organisms, such as fish, reptiles, molluscs and arthropods, and can be triggered by 
environmental temperature, social factors, photoperiodism and pathogens (Bouchon et al., 
1998; McNair et al., 2015; Capel, 2017; Li and Gui, 2018; Geffroy and Wedekind, 2020). 
Genetic mechanisms for sex determination are no less widespread and are common in 
mammals, birds, reptiles, amphibians, insects, and many plants. Genetic factors include 
haploidy, specialized sex chromosomes, and one or several sex-determining loci (Bachtrog et 
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al., 2014; Capel, 2017; Li and Gui, 2018; Charlesworth, 2019; Coelho et al., 2019). In 
general, the evolution of sex determination is related to the environmental characteristics and 
sex specificity in male and female adaptation. Thus, in unpredictable environmental 
conditions or its high homogeneity, genetic sex determination will prevail. When conditions 
have very different effects on the adaptation of the different sexes, environmental sex 
determination will prevail (Charnov and Bull, 1977; Pennell et al., 2018).  
1.1 Sex determination in Drosophila 
Morphological and functional segregation of sex chromosomes evolved independently in 
different groups of organisms, so now we can observe various sex chromosome determination 
systems. In many insects, including Drosophila, mammals and some plants, females carry two 
X chromosomes (XX). In contrast, males carry one X chromosome and one Y chromosome 
(XY) or only one X chromosome (XO) (Bachtrog et al., 2014). In broad groups of vertebrates 
(birds, some reptilians, amphibians, fishes) and invertebrates (molluscs, crustaceans, 
arachnids, insects), females have heteromorphic sex chromosomes (ZW) or only one Z 
chromosome (ZO), while males have homomorphic sex chromosomes (ZZ) (Bachtrog et al., 
2014). The primary triggers for subsequent sex determination signalling pathways include 
sex-determination alleles on the Y(W) chromosomes (humans and silkmoth), the ratio of sex 
chromosomes to autosomes (Caenorhabditis elegans, Drosophila), or the total number of sex 
chromosomes (birds) (Bachtrog et al., 2014).  
 
In D. melanogaster, the sex determination signalling cascade begins with four X-
linked signal elements, varying in expression level depending on the dosage of the X 
chromosome. Sufficiently high levels of these proteins, which can only be achieved normally 
in females, activate the Sex-lethal promoter, resulting in the formation of a functional Sxl 
protein, whose constant level in the cells is further maintained through a positive feedback 
mechanism (Salz and Erickson, 2010; Robinett et al., 2010). Sxl protein activates the 
transformer gene (tra), whose product acts as a splicing factor for the female-specific 
doublesex (dsx) and fruitless (fru) genes (Salz and Erickson, 2010; Robinett et al., 2010). 
These genes with Sxl regulate the development of major sex-specific characteristics (Demir 
and Dickson, 2005; Robinett et al., 2010; Suzuki, 2018). The Sxl gene also represses male-
specific-lethal-2 (MSL2) activity, thereby preventing the formation of the dosage 
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compensation complex (DCC) in females (Kelley et al., 1997; Gebauer et al., 1998; Salz and 
Erickson, 2010). 
1.2 Evolution of sex chromosomes 
Despite the diversity of genetic sex determination systems in different groups of organisms, 
sex chromosomes share common processes during their evolution. It is believed that X and Y 
(Z and W) chromosomes developed from initially homologous and recombining autosomes 
(Bull, 1983; Charlesworth et al., 2005). According to this classical theory, the proto-Y 
chromosome acquired a dominant male determining locus. At the same time, its homologue 
could obtain another allele, which triggers females’ development when homozygous (e.g. Sxl 
in D. melanogaster). These sex-determining genes would affect selection on other closely 
linked genes and lead to the emergence of alleles that benefit one sex but are harmful to the 
other (sexually antagonistic genes) (Bull, 1983; Charlesworth et al., 2005). The sex-
determining gene and sexually antagonistic mutations will lead to the loss of the 
recombination between homologous chromosomes (Charlesworth et al., 2005). The lack of 
recombination results in the accumulation of loss-of-function mutations, transposable 
elements, and repetitive DNA sequences and eventually in the erosion of genes on the Y 
chromosome over evolutionary time (Charlesworth et al., 2000; Bachtrog, 2013).  
 
However, this classical Y chromosome evolution model is only partially applicable to 
D. melanogaster (Carvalho et al., 2009). The Y chromosome is almost entirely 
heterochromatic and contains only 13 protein-coding genes with no homology to the X 
chromosome (Vibranovski et al., 2008; Carvalho et al., 2015; Thurmond et al., 2019). All of 
the active genes found on the Y chromosome emerged on it relatively recently as a result of 
duplication from autosomal genes (Koerich et al., 2008). It also lacks the sex-determining 
gene, leading to the hypothesis that, due to further degradation of the Y chromosome, this 
gene, along with all the ancestral X chromosomal genes, has been lost, and the Y 
chromosome more recently gained new genes from autosomes (Bachtrog, 2013). However, 
according to another hypothesis, after complete loss of the Y chromosome, it was functionally 
replaced by supernumerary B chromosomes or the fourth chromosome (Carvalho et al., 
2009).  
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Despite its extreme paucity of genes, the Y chromosome is essential for male fertility. 
All Y chromosome genes have testis-specific expression, and six of them are male fertility 
factors (Carvalho et al., 2015; Hafezi et al., 2020). The Y chromosome’s role extends beyond 
male reproduction and involves many other biological aspects, such as sex-specific ageing, 
regulation of gene expression on different chromosomes, and chromatin modification 
(Chippindale and Rice, 2001; Lemos et al., 2010; Brown et al., 2020). 
 
At the same time, the X chromosome has not undergone such dramatic changes in 
chromatin structure and gene composition because it has a homolog for recombination in 
females. The X chromosome contains over 2,000 genes, which is proportionate to its size 
(about 16% of the genome). However, as a result of its monosomy in males, the X 
chromosome has evolved several differences from the autosomes in its regulation, gene 
content, and its role in speciation (Meisel and Connallon, 2013; Huylmans and Parsch, 2015; 
Grath and Parsch, 2016; Kuroda et al., 2016; Charlesworth et al., 2018). 
1.3 Aneuploidy and generic dosage compensation in Drosophila 
Aneuploidy, that is, the variation in the number of copies of chromosomes relative to the 
entire genome, causes genomic instability and severe disruptions in the cell and the entire 
organism, often causing lethality. Aneuploidy often triggers cell proliferation and 
transformation, leading to tumorigenesis (Gerlach and Herranz, 2020). However, it can also 
activate buffering mechanisms and mediate a stress response (JNK and p53 pathways), 
thereby mitigating detrimental effects for the organism (Stenberg and Larsson, 2011; 
Lundberg et al., 2012).  
 
Several levels of dosage compensation function in Drosophila to prevent the harmful 
effects of monosomy by balancing the expression of the X chromosome and autosomes in 
males and the single X chromosome in males with the two copies in females. First, the 
generic basal dosage compensation mechanism increases gene expression on the X 
chromosome in males or other monosomic regions of the genome by, on average, about 1.5-
fold (Zhang et al., 2010a). This is a general form of buffering and gene-specific dosage 
compensation. It is thought that buffering is related to the passive property of the cell’s 
complex biochemical environment to absorb changes in gene dosage (Zhang et al., 2010a). 
However, it depends on the size of the genomic region, the level of tissue specificity, and the 
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expression level of the particular target gene in the monosomal state (McAnally and 
Yampolsky, 2010; Lundberg et al., 2012). Gene-specific regulation operates at the 
transcriptional or post-transcriptional level and is based on a feedback system, often providing 
full compensation, especially for dose-sensitive genes (Zhang et al., 2010a). Gene-specific 
dosage compensation probably played a major role in mitigating the genomic instability that 
occurred during the evolution of gene composition on the Y chromosome (Gu and Walters, 
2017).  
 
Dosage compensation on autosomes with aneuploidy or gene copy number variation is 
most likely accomplished through the buffering mechanism and only, to a lesser extent, gene-
specific regulation (Stenberg et al., 2009). The fourth chromosome differs from the other 
autosomes as it consists mainly of heterochromatin and only contains about 1% of the total 
genes. Still, the density of active genes and their expression level are comparable to those for 
autosomes (Riddle and Elgin, 2018). To balance its transcription levels with other 
chromosomes in both sexes, it has a unique dosage compensation mechanism mediated by the 
targeting protein Painting of fourth (POF) (Larsson et al., 2004). Interestingly, the genomic 
analysis of Drosophila and other species suggests that the fourth chromosome may have been 
the Drosophila genus’ ancestral X chromosome (Riddle and Elgin, 2018). 
1.4 X chromosome-specific dosage compensation 
At a certain point in the progressive degeneration of the Y chromosome, a transition from 
compensation for individual genes to chromosome-wide dosage compensation may have 
become advantageous (Gu and Walters, 2017). This led to the appearance of X chromosome-
specific somatic dosage compensation, which further increases the expression of X-linked 
genes in males to achieve complete two-fold compensation (Hamada et al., 2005; Deng et al., 
2009; Zhang et al., 2010a).  
 
Somatic dosage compensation is mediated by the X chromosome-specific binding of 
the DCC, which is composed of the protein products of three male-specific lethal genes 
(MSL1, MSL2, MSL3), the maleless gene (MLE), the males absent on the first gene (MOF), 
and two long non-coding RNAs (roX1 and roX2) (Samata and Akhtar, 2018) (Figure 1.1). 
The DCC initially binds to about 250 genomic regions, called chromosomal entry sites or 
high-affinity sites (HAS) (Alekseyenko et al., 2008; Straub et al., 2013). All HAS are defined 
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by the binding of a core complex, which includes MSL1 and MSL2 (Dahlsveen et al., 2006; 
Alekseyenko et al., 2008; Straub et al., 2013). DCC activity in males is determined by the 
absence of the active SXL protein, which suppresses the expression of MSL2, the only male-
limited component (Kelley et al., 1995; Beckmann et al., 2005).  
 
Several key steps in the assembly of the complex can be distinguished. MSL1 forms a 
stable complex with MSL2, MSL3, and MOF followed by independent binding of MSL1 and 
MSL2 to HAS. MLE and MSL2 facilitate integrating roX RNAs to the DCC (Villa et al., 
2016; Samata and Akhtar, 2018) (Figure 1.1). At each of the binding sites, MOF, as the 
functional component of the DCC, directs acetylation of histone H4 on lysine 16 (H4Ac16), 
which is enriched at X-linked gene bodies and promotes elongation of RNA polymerase II. 
This results in an open chromatin structure and hyper-transcription of genes in the exposed 
region (Ferrari et al., 2013; Kuroda et al., 2016). Additionally, DCC binding requires the 
CLAMP protein, which is not a DCC component and is ubiquitous in the genome of both 
sexes (Hallacli et al., 2012). The role of CLAMP is probably related to DNA release from the 
nucleosomes, enabling DCC binding (Urban et al., 2017).  
1.5 Precise targeting and distribution of the DCC 
The question that remains open is which molecular processes ensure the fine-tuning of DCC 
mediated dosage compensation. Therefore, it is crucial to study how the DCC recognizes the 
initial binding sites along the X chromosome and further spreads to neighbouring genes. The 
first contact with the X chromosome occurs at HAS sites, two of which carry the genetic loci 
roX1 and roX2 and have the highest priority for binding (Kelley et al., 1999; Meller et al., 
2000). This contact is achieved by MSL2 and CLAMP proteins, which identify and interact 
with the MSL recognition elements (MRE), 21-base-pair GA-rich consensus motifs found at 
all HAS (Alekseyenko et al., 2008; Straub et al., 2008; Villa et al., 2012; Albig et al., 2019) 
(Figure 1.1).  
 
However, MREs are not specific for the X chromosome, suggesting some other factors 
facilitate the X chromosome recognition. First, a small fraction of HAS carries a sequence 
adjacent to the 5’ GA-rich motif, called PionX (Villa et al., 2016). Second, the X chromosome 
has an abundance of 1.688 repeats, which synthesize small interfering RNA (siRNA) 
(Alekseyenko et al., 2008). It was found that the 1.688 repeats also contribute to an increase 
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in the transcription of neighbouring genes and chromatin topology changes (Menon and 
Meller, 2012; Menon and Meller, 2015). It is also plausible that roX RNAs direct the DCC on 
the X chromosome and prevent its nonspecific targeting of heterochromatin, such as on the 
fourth chromosome or in chromocenters (Demakova et al., 2003; Figueiredo et al., 2014).  
 
Once a functioning DCC is assembled, it spreads to nearby genomic regions by the 
activity of MSL1 and MSL3, which direct the complex from HAS to nearby genes since they 
have an affinity for the active gene sites (Kind and Akhtar, 2007; Larschan et al., 2007; Kim 
et al., 2010; Moore et al., 2010; Hallacli et al., 2012; Chlamydas et al., 2016) (Figure 1.1). It 
was shown that in the absence of functioning MLEs and roX RNAs, there was a disruption in 
the spread of the complex from HAS (Figueiredo et al., 2014). However, it is not evident 
whether DCC spreading on the X chromosome is achieved mainly by the actual relocation of 
DCC, or if it reaches other genomic sites due to the spatial organization of the chromatin, or if 
genomic sites recruit additional DCC. 
 
The DCC distribution is highly dependent on the spatial architecture of chromatin, 
which has a hierarchical structure. At the highest level, active and inactive chromatin 
compartments further comprise topologically associating domains (TAD), which are self-
organized contact-rich chromatin structures isolated by different types of insulator elements 
(Ramírez et al., 2015; Ulianov et al., 2016). The DCC binding sites span the entire X 
chromosome, with most HAS located in the gene-rich regions and at the TAD boundaries 
(Alekseyenko et al., 2012; Ramírez et al., 2015; Schauer et al., 2017). The location of HAS in 
these regions with high connectivity allows DCC to spread over long distances and promote 
its assembly at other X-linked sites with lower affinity (Ramírez et al., 2015; Schauer et al., 
2017). However, the chromatin structure may also impose a limit on the maximum distance 
DCC can spread, which to some extent may be due to the local concentration of elements of 
the complex (Demakova et al., 2003; Dahlsveen et al., 2006; Wood et al., 2011; Sexton et al., 
2012). Thus, the degree of compensation depends on the distance to the binding sites with the 
most substantial transcriptional activation of genes within 50 kb of the closest HAS (Schauer 
et al., 2017).  
 




Figure 1.1. Schematic representation of the DCC and its distribution on the X chromosome 
(modified from Samata and Akhtar, 2018). The DCC, which consist of five proteins (MSL1, 
MSL2, MSL3, MLE and MOF) and two roX RNAs, recognizes and binds to HAS through the 
activity of MSL1 and MSL2. In this process, MSL2 interacts with MREs identified by a GA-
rich motif (marked in red) assisted by the CLAMP. Two HAS having genes encoding roX 
RNAs have the highest priority for binding. At the binding site, MOF directs acetylation of 
H4Ac16, leading to hyper-transcription of genes in this region. After the initial assembly of a 
functioning DCC on HAS, it spreads to spatially close genomic sites with lower affinity 
(indicated by arrows). The spreading involves MSL1 (with affinity to gene promoter sites), 
MLE (helicase activity), roX RNAs and MSL3 (with affinity to the epigenetic marker of 
active genes H3K36me3) (Samata and Akhtar, 2018). 
One of the potential factors constraining the DCC’s distribution is G-quadruplexes 
(G4s) which are four-stranded secondary structures formed by guanine-rich DNA sequences 
(Burge et al., 2006; Bochman et al., 2012; Qian et al., 2019). G4s are enriched on gene 
promoters and are targeted by transcription factors and chromatin remodelling enzymes, 
suggesting their regulatory role (Siddiqui-Jain et al., 2002; Hänsel-Hertsch et al., 2016; Chen 
et al., 2018; Makowski et al., 2018). It was noted that the density of these structures on the X 
chromosome in the HAS and H4K16ac regions was significantly lower compared with the 
autosomes. In contrast, in the flanking regions, the density was higher than on the autosomes, 
suggesting a role of G4 as a limiter of DCC spreading (Qian et al., 2019).  
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1.6 Dosage compensation during embryonic development 
Studies of gene expression changes during embryonic development provide further insights 
into the dosage compensation mechanisms and their effect on nearby genes’ expression. 
During embryonic development of D. melanogaster, up to about stage 5 (cellularization of the 
blastoderm), mainly maternal transcripts are present, and the transcriptional activity of the 
zygote only begins to emerge (Tadros and Lipshitz, 2009). From this point onwards, females 
show balanced expression between sex chromosomes and autosomes, while males show a 
paucity of fully compensated genes, suggesting a lack of a functioning DCC (Paris et al., 
2015; Prayitno et al., 2019). Complete dosage compensation gradually develops towards the 
end of embryonic development, which is associated with a progressive increase in the 
acetylation of H4K16 (Prayitno et al., 2019). The first genes to reach full compensation are 
the genes encoding components of the DCC and housekeeping genes that tend to be located 
close to HAS (Lott et al., 2011; Prayitno et al., 2019). This gradual increase in the degree of 
compensation is possibly due to a change in the chromatin structure and the gradual assembly 
of a functioning DCC (Franke et al., 1996; Prayitno et al., 2019). However, even from the 
early stages of embryo development, individual genes show close to full compensation, 
suggesting the activity of other dosage compensation mechanisms (Franke et al., 1996; Paris 
et al., 2015; Prayitno et al., 2019).  
1.7 X chromosome suppression in the male germline 
In contrast to the soma, X chromosome-specific dosage compensation does not occur in the 
male germline (Meiklejohn et al., 2011; Meiklejohn and Presgraves, 2012; Argyridou and 
Parsch, 2018). Thus, gene expression on the X chromosome is, on average, 1.5-fold lower 
than autosomal expression in testis, which is similar to the results obtained for somatic cells 
with a dysfunctional DCC (Hamada et al., 2005; Stenberg et al., 2009; Zhang et al., 2010a; 
Meiklejohn et al., 2011; Meiklejohn and Presgraves, 2012; Argyridou and Parsch, 2018). The 
male germline lacks expression of all DCC components except MLE, which does not bind to 
the X chromosome. However, despite this, gene expression is likely still compensated to some 
degree by general dosage compensation (Meiklejohn et al., 2011).  
 
In the germline of mammals and many organisms with heteromorphic chromosomes, 
transcription from the X (Z) chromosome is blocked during meiosis by the phenomenon 
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called meiotic sex chromosome inactivation (MSCI) (Lifschytz and Lindsley, 1972; Bean et 
al., 2004; Cabrero et al., 2007; Hense et al., 2007; Vibranovski et al., 2009; Meiklejohn et al., 
2011). MSCI is a specific case of meiotic silencing of unsynapsed chromatin, and its principal 
characteristic is a massive chromatin conformation change leading to the formation of 
completely heterochromatic sex chromosomes (Turner et al., 2005; Baarends et al., 2005).  
 
Since MSCI is a widespread phenomenon in various taxa, ideas have arisen about its 
existence in Drosophila (Lifschytz and Lindsley, 1972). However, it was shown that the 
chromatin conformation of the X chromosome and the content of the active transcription 
markers on it do not differ significantly from autosomes during spermatogenesis (McKee and 
Handel, 1993; Rastelli and Kuroda, 1998). Studies using reporter genes with originally 
autosomal or X-linked testis-specific promoters showed that X-linked genes typically show 
three-to-eight times lower expression in the male germline than their autosomal counterparts. 
The suppression effect was chromosome-wide with no regions of the X chromosome escaping 
suppression (Hoyle et al., 1995; Hense et al., 2007; Kemkemer et al., 2011). Similar results 
were obtained in studies of transpositions and translocations, where the expression of both 
testis-specific and housekeeping genes was compared between the X chromosome and 
autosomes (Landeen et al., 2016). Such a high difference in expression could not be explained 
only by the absence of dosage compensation in the germline, and there is no evidence that the 
suppression effect is limited to meiotic cells only. Moreover, the degree of X suppression was 
dependent on the maximal expression level of the gene in testis (Landeen et al., 2016; 
Argyridou and Parsch, 2018). One of the possible causes of this expression effect is an 
oppositely directed compensation process functioning at the gene-specific level and 
associated with sequence motifs in promoter regions of X-linked testis-specific genes 
(Landeen et al., 2016).  
 
Thus, it can be assumed that Drosophila’s X inactivation is an evolutionarily 
analogous mechanism to MSCI and shares similar functions, although it differs in the details 
of its molecular mechanism. MSCI might be advantageous in preventing accidental 
recombination of completely or partially non-homologous sex chromosomes during meiosis. 
Such recombination could lead to ectopic exchanges causing rearrangements and aneuploidy 
(McKee and Handel, 1993). The suppression of X-linked expression may also be important in 
avoiding the effect of “selfish genes” that may lead to segregation distortion and alter the sex 
ratio of the population (Namekawa and Lee, 2009; Meiklejohn and Tao, 2010). Finally, MSCI 
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could be a protective mechanism against the harmful effects of sexual antagonism (Wu and 
Yujun Xu, 2003). Sexual antagonism is defined by the presence of traits favourable for one 
sex and detrimental for the other. Therefore, genes associated with these traits may have a 
different optimum expression level in males and females (Rice and Chippindale, 2001; 
Ellegren and Parsch, 2007; Grath and Parsch, 2016). The presence of two copies in females 
results in the X chromosome spending twice as much evolutionary time in females than in 
males. This can lead to a conflict of optimal gene expression levels between the sexes and, 
depending on the degree of dominance, result in the accumulation of mutations on the X 
chromosome favourable to females but detrimental to males, or vice verse (Ellegren and 
Parsch, 2007; Fry, 2010; Parsch and Ellegren, 2013). Males, in this case, could down-regulate 
the expression of these genes during germ cell development to reduce their adverse effects 
(Wu and Yujun Xu, 2003). However, to what extent these functions can be attributed to the 
process of X suppression in Drosophila is not yet clear. 
1.8 Sex-biased gene expression underlies sexual dimorphism 
In addition to chromosome-wide differences in expression regulation between females and 
males in Drosophila and other species with sexual dimorphism, there are also many gene-
specific differences in expression regulation between the sexes (Arnqvist and Rowe, 2005). 
These genes, known as sex-biased genes, probably explain most phenotypic differences 
between the sexes because the gene composition of males and females is the same except for 
the Y chromosome, which carries very few genes in many species (Ellegren and Parsch, 
2007).  
 
In Drosophila, genes with consistent differential expression between the sexes 
represent a large proportion of autosomal and X-linked genes (Gnad and Parsch, 2006; Grath 
and Parsch, 2016). Depending on the statistical approach and confidence interval levels, the 
proportion of sex-biased genes can vary from 30% to more than 60% of the total number of 
genes in Drosophila (Gnad and Parsch, 2006; Grath and Parsch, 2016). Such a substantial 
number of genes most likely requires the coordinated interaction of several expression 
regulation levels, both at the level of transcription, through cis- and trans- factors, epigenetic 
modification and chromatin conformation changes, and at the level of post-transcriptional 
precursor messenger RNA (mRNA) modification and translation. Moreover, the sex-biased 
expression of the same gene can vary depending on environmental and biological factors, 
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such as tissue type, developmental stage of the organism, and its genotype (Jin et al., 2001; 
Arbeitman et al., 2002; Wyman et al., 2010; Mank et al., 2010; Huylmans and Parsch, 2015). 
Therefore, determining the mechanisms involved in such extensive expression changes is by 
no means a trivial task. 
 
Very high variation in the abundance of genes with sex-biased expression and the 
amplitude of male-to-female expression ratio can be seen among different tissues, which is 
partially related to the degree of sexual dimorphism in the tissue (Andrews et al., 2000; Parisi 
et al., 2004; Chang et al., 2011; Assis et al., 2012; Catalán et al., 2012; Perry et al., 2014; 
Khodursky et al., 2020). Moreover, in different tissues, sex-biased genes are not equally 
distributed among the X chromosome and the autosomes. The X chromosome is enriched for 
genes with female-biased expression (“feminization”) in whole flies and various somatic 
tissues, including brains, heads, Malpighian tubules, and gonads (Huylmans and Parsch, 
2015). In contrast, a significant paucity of genes with male-biased expression 
(“demasculinization”) has been observed in studies of whole flies and gonads (Parisi et al., 
2003; Ranz et al., 2003). This demasculinization pattern does not hold for all tissues, 
however, as a significant over-representation of male-biased genes has been reported in 
studies of brain and head expression (Chang et al., 2011; Catalán et al., 2012; Huylmans and 
Parsch, 2015; Khodursky et al., 2020).  
1.9 Evolution of sex-biased gene expression 
Sexual antagonism is probably the driving force behind this unequal distribution of sex-biased 
genes among chromosomes, since different chromosomes can contribute unequally to 
sexually conflicting traits (Rice, 1984; Patten, 2018). This can lead to the accumulation of 
recessive male-beneficial mutations on the X chromosome, which will be immediately 
exposed to selection in hemizygous males. In females, on the contrary, homozygous X 
chromosomes will mask recessive beneficial mutations and favour the accumulation of 
dominant female-beneficial mutations on the X chromosome, since it spends twice as much 
time in females compared to males (Connallon and Knowles, 2006; Dean et al., 2012). 
Evidence of the involvement of sexual antagonism in the evolution of the X chromosome can 
be inferred from its enrichment with loci showing sexually antagonistic expression (Rice, 
1984; Gibson et al., 2002; Fry, 2010; Innocenti and Morrow, 2010; Ruzicka et al., 2019).  
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In addition, the evolution of sex-biased expression could be driven by such gene 
properties as gene age and expression breadth (Waxman and Peck, 1998; Larracuente et al., 
2008). Most X-linked male-biased genes are evolutionarily young genes that could be related 
to the sexual antagonistic effect. In contrast, on autosomes, male-biased genes are often older 
(Zhang et al., 2010b; Long et al., 2012). Expression breadth is thought to serve as a constraint 
for the evolution of sex-biased expression, as it makes it difficult to find a balance in the 
expression of genes with high pleiotropy (Mank et al., 2008; Perry et al., 2014; Dean and 
Mank, 2016; Campos et al., 2018; Khodursky et al., 2020). Many male-biased genes are 
expressed specifically in the testis, the tissue where the highest number of male-biased genes 
have been found (Mikhaylova and Nurminsky, 2011; Meisel et al., 2012). It has also been 
shown that there is a lack of genes with narrower expression breadth on the X chromosome 
(Mikhaylova and Nurminsky 2011; Meisel et al. 2012; but see Campos et al. 2018).  
 
In addition to the specific properties of X-linked genes, the X chromosomal regulatory 
mechanisms can also affect sex-biased expression. It has been hypothesized that the 
enrichment of sex-biased genes on the X chromosome in the brain and head is related to 
dosage compensation, with genes located near DCC binding sites having greater up-regulation 
of expression in males than genes located far from DCC binding sites (Huylmans and Parsch, 
2015) (Figure 1.2). Consistent with this model, a negative correlation between a gene’s male-
to-female expression ratio and its distance to the nearest DCC binding site has been observed 
for the brain and head. In whole flies or gonads, which typically show a much greater degree 
of sex-biased expression, a positive correlation has been observed, suggesting that gene-
specific regulation is the predominant driver of sex-biased expression and that DCC binding 
may interfere with sex-specific regulation (Bachtrog et al., 2010; Huylmans and Parsch, 
2015). Furthermore, it has been proposed that the head and brain may be more sensitive to 
dosage compensation than other tissues, as they show higher expression of the DCC 
components MSL2 and MLE than other tissues (Straub et al., 2013; Vensko and Stone, 2015; 
Huylmans and Parsch, 2015). Thus, endogenous gene expression studies do not allow us to 
disentangle the influence of X chromosome-wide regulatory mechanisms and the local 
chromatin environment from gene-specific regulation evolutionarily related to gene properties 
such as tissue specificity, age, and their effect on male and female fitness. 
 




Figure 1.2. An illustration of the overcompensation model for brains and heads (Huylmans 
and Parsch, 2015). The X chromosomal position of genes closer to DCC binding sites results 
in their male-biased expression (shown as log2 of the male/female expression ratio) due to 
their up-regulation in males by more than 2-fold. Genes located further away from the DCC 
binding sites show a weaker level of up-regulation (< 2-fold), resulting in their female-biased 
expression.  
1.10 The role of Drosophila as a model organism in genetic research 
Drosophila is one of the most popular model organisms in modern biology. Besides such 
advantages of using Drosophila in genetics as the convenience and rapidity of breeding, the 
absence of meiotic recombination in males, the compactness of the genome and its similarity 
to the mammalian genome, a wide variety of classical genetic tools have been created over a 
hundred years of research on this model organism. These include marker and reporter genes, 
cytogenetic maps, gene cloning, transposable element vectors, forward and reverse genetic 
screens (Ashburner, 2005). Other commonly used Drosophila tools are balancer 
chromosomes, specially designed chromosomes with multiple inversions to prevent crossing 
over with additional chromosomes. Balancer chromosomes also often include recessive lethal 
alleles and dominant marker genes (Ashburner, 2005). Additionally, recent advances in 
genomic sequencing and the annotation of many functional elements of Drosophila have 
allowed the study of evolutionary processes, development and functioning of the organism at 
the genetic level (Rubin, 2000). 
 
Reporter genes are a standard and frequently used tool in Drosophila genetic studies, 
both in vitro and in vivo. They are used to study the regulation of transcription, mRNA 
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processing, and translation by detecting their products directly or indirectly when the genomic 
environment, cellular processes, or external conditions are changed (Serebriiskii and Golemis, 
2000). The lacZ reporter gene encodes β-galactosidase, an enzyme that degrades β-glycosidic 
linkages in D-lactose. It is most commonly used in the enzymatic reaction with 5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside (X-gal) or o-nitrophenyl-b-D-galactopyranoside, 
resulting in 5,5’-dibromo-4,4’-dichloro-indigo (blue product) or o-nitrophenol (yellow) 
respectively (Serebriiskii and Golemis, 2000). The main advantages of using the lacZ system 
in Drosophila studies is that there is no background expression of this gene, and cells can 
tolerate very high concentrations of β-galactosidase, so it is possible to detect extreme 
changes in transcription. Also, the reaction’s expression products are very stable and can be 
easily detected by eye or spectrophotometrically in homogenized samples or using a 
microscope in Drosophila tissues, which is especially important in screening experiments 
(Serebriiskii and Golemis, 2000). 
 
Often, reporter genes are used as part of transposable P elements that do not have a 
sequence encoding transposase enzyme but can themselves be mobilized by a second P 
element, which in contrast is responsible for encoding transposase but cannot be displaced. 
Such a reporter gene construct contains a marker gene to detect the construct’s presence in the 
genome and may also contain a promoter (Cooley et al., 1988). This system makes it possible 
to quickly obtain new construct insertions using genetic crosses that can be used for studying 
the influence of the genetic environment on expression.  
 
There are two main approaches to discovering new genes and matching them with 
certain biological processes in Drosophila research. The first is a forward screen, in which 
flies are mutagenized using ethyl methanesulfonate (EMS), X-rays, or P element insertions 
(Lewis and Bacher, 1968; Gao et al., 1999; Spradling et al., 1999). Next, a series of crosses 
with a fly line carrying balancer chromosomes can be carried out to obtain offspring with 
homozygous and heterozygous mutant chromosomes, which will allow the identification of 
both dominant and recessive mutations. Such flies are screened for the phenotype of interest 
using tests of reporter gene expression, developmental process, or behaviour followed by 
mapping of causal mutations (Nüsslein-Volhard and Wieschaus, 1980; Singh and Heberlein, 
2000; Brenman et al., 2001; St Johnston, 2002). Depending on the size of the genome, the 
biological process under study, and the degree of redundancy of the genes responsible for it, 
the number of screened genomes needed to identify the target phenotype can range from 
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several hundred to tens of thousands (Gao et al., 1999; Singh and Heberlein, 2000; Neukomm 
et al., 2014; Deal and Yamamoto, 2019; Gevedon et al., 2019). 
 
The UAS/Gal4 system is often used for misexpression and reverse screens. A 
misexpression screen utilizes a P-element transformation vector (EP element) that carries an 
Upstream Activating Sequence (UAS). UAS is a 17 base pairs (bp) sequence in the yeast 
Saccharomyces cerevisiae genome that activates GAL10 and GAL1 genes’ transcription. 
UAS, in turn, is a specific target for the yeast transcription factor, Gal4, which can exhibit its 
activity in various organisms as a part of the transgene construct (Duffy, 2002). When 
activated by Gal4 in a particular tissue or a particular developmental stage, UAS induces 
nearby genes’ expression, making it one of the most widely used research tools (Rørth, 1996) 
(Figure 1.3). Another approach might be investigating the functions of already known 
candidate genes or targeted gene deactivation of a broad set of genes. In this so-called reverse 
screen, it is possible to turn off the gene of interest in the target tissue by taking advantage of 




Figure 1.3. The UAS/Gal4 expression system used to suppress the expression of the gene of 
interest by RNAi (modified from Nishihara, 2007). A so-called Gal4 driver fly line expressing 
Gal4 in the target tissue under the control of an endogenous promoter is crossed with a line 
carrying a UAS and a downstream short inverse repeat sequence corresponding to the gene of 
interest. In the F1, after being combined with Gal4, the UAS activates the expression of the 
inverse repeat sequence in the target tissue. Expression of the inverse repeat leads to the 
formation of double stranded RNA (dsRNA) hairpin structures. After a series of biochemical 
reactions, single stranded RNAs are formed, which are incorporated in the RNA-induced 
silencing complex (RISC). RISC cleaves the mRNA of the target gene, leading to its 
degradation in a spatiotemporal manner (Duffy, 2002; Kavi et al., 2008). 
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In my dissertation, I leveraged classical Drosophila research methods such as a 
genetic screen and reporter gene expression analysis by combining them with new genome 
mapping and expression level measurement techniques such as next-generation sequencing. 
This allowed me to carry out a large-scale reporter gene analysis to study the two regulatory 
mechanisms on the X chromosome (dosage compensation and X suppression) in a relatively 
short amount of time. 
1.11 Aims and objectives 
The first aim of my thesis was to test the effects of the chromosomal context on the 
expression of X-linked genes in D. melanogaster males and females. The evolution of sex 
chromosomes in Drosophila has led to specific regulatory mechanisms on the X chromosome, 
creating a unique environment for gene expression across tissues and shaping the 
chromosome’s gene content (Ellegren and Parsch, 2007). 
 
My first objective was to test the effect of a reporter gene’s proximity to a DCC 
binding site on its sex-biased expression in somatic tissues. It has been hypothesized that in 
the brain and head, genes located near DCC binding sites have greater male-biased expression 
than genes located far from DCC binding sites as a result of “overcompensation” (Huylmans 
and Parsch, 2015) (Figure 1.2). Consistent with this model, a negative correlation between a 
gene’s male-to-female expression ratio and its distance to the nearest DCC binding site has 
been observed for the brain and head (Huylmans and Parsch, 2015). Because previous studies 
of the effect of X-chromosomal location on gene expression were limited to endogenous 
genes, it was not possible to disentangle the influence of chromosomal location from that of 
gene-specific regulation. To overcome this limitation, we inserted an exogenous reporter gene 
at many unique locations across the X chromosome. The reporter gene consisted of the lacZ 
reporter gene under the control of the minimal human cytomegalovirus (CMV) promoter, 
which was shown to drive expression in multiple D. melanogaster tissues (Parsch, 2004). By 
measuring reporter gene expression in both sexes and multiple tissues, we could determine the 
effects of chromosomal context on gene expression, while avoiding the effects of gene-, 
tissue-, and sex-specific regulation that are common to endogenous genes.  
 
My second objective was to compare sex-biased reporter gene expression between the 
brain, head, and other somatic tissues. Since previous studies have shown that the brain has an 
1. Introduction   
19 
 
excess of both male-biased and female-biased genes, as well as a strong negative correlation 
between the distance of a gene to the nearest DCC binding sites and its male-to-female 
expression ratio, it was suggested that the brain differs from other somatic tissues with regard 
to the effects of DCC binding on expression (Huylmans and Parsch, 2015; Khodursky et al., 
2020). 
 
The third objective was to examine the possible influence of endogenous regulatory 
elements on reporter gene expression. Firstly, as all individual insertions were located near or 
within the active gene bodies, we tested whether there might be an influence of local 
regulatory factors on the reporter gene expression. For that, we compared the male-to-female 
expression ratio of the reporter genes with that of the endogenous genes in which they were 
located. Secondly, because the primary analysis of sex-biased expression was performed 
using flies of both sexes with a single copy of the reporter gene, we also examined the effect 
of gene dose by measuring expression in homozygous females. Thirdly, we tested the possible 
effect of G4s, which presumably have a local function in transcriptional regulation, on 
reporter gene expression (Qian et al., 2019). 
 
The second aim of my thesis was to discover genes responsible for the chromosome-
wide suppression of X-linked genes in the D. melanogaster male germline. In many species, 
the X chromosome is silenced during spermatogenesis through a mechanism known as MSCI 
(Lifschytz and Lindsley, 1972; Bean et al., 2004; Cabrero et al., 2007; Hense et al., 2007; 
Vibranovski et al., 2009; Meiklejohn et al., 2011). However, there is no evidence in 
Drosophila that X suppression is associated with global chromatin modification and/or 
silencing of the whole X chromosome as is seen in other species, which suggest that there is 
an alternative mechanism operating in Drosophila (McKee and Handel, 1993; Rastelli and 
Kuroda, 1998; Landeen et al., 2016). In Drosophila, the expression of many X-linked genes is 
suppressed in the male germline by a poorly understood chromosome-wide mechanism, 
through which the strength of suppression is dependent on the gene’s expression level in 
testes (Landeen et al., 2016; Argyridou and Parsch, 2018). 
 
My first objective was to perform chemical mutagenesis of males carrying an X-linked 
copy of the ocn-lacZ (wol) reporter gene. This reporter gene has previously been shown to 
have a seven-fold decrease in expression when located on the X chromosome as compared to 
an autosome, making it a suitable indicator of the presence of the X suppression (Hense et al., 
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2007; Kemkemer et al., 2011). Using a forward genetic screen, we attempted to find mutant 
lines with increased expression of this reporter gene, which could be further tested for the 
general expression up-regulation of X-linked endogenous genes in males. 
 
The second objective was to determine the genomic location of all induced mutations 
associated with the observed mutant phenotype. This could be done by performing genetic 
crosses and whole-genome re-sequencing, followed by selecting the top candidate mutations 
within annotated genes. To verify the results obtained from genome sequencing, we 
performed additional genotyping to test the association of the candidate mutations with the 
increased expression of the reporter gene. Further, we performed a functional analysis of the 
top candidate genes using targeted gene expression knockdown. The identification of 
candidate genes that are potentially involved in X suppression is the first step in 














Materials and Methods 
2.1 Reporter gene constructs and D. melanogaster strains 
To test for the effect of a gene’s proximity to a DCC binding site on its expression, we 
generated transgenic lines with individual reporter gene insertions that span the X 
chromosome. We used a CMV-lacZ reporter gene construct, which consists of two copies of 
the Escherichia coli lacZ gene with the minimal human cytomegalovirus (CMV) promoter 
(Parsch, 2004) (Figure 2.1A). Having two copies of these elements provides a higher level of 
expression, which is particularly important when analyzing tissues with small size and low 
overall expression, such as testes. Both the reporter gene and the promoter are foreign to the 
Drosophila genome. Therefore, reporter gene expression is not expected to be influenced by 
sex-, or tissue-specific regulatory factors, making it possible to compare the expression in 
different tissues in males and females. The construct is flanked by the terminal repeat 
sequences of a P-element. The P-element repeats are recognized by the transposase, the 
enzyme that induces excision of the construct and its insertion into a new random genomic 
location. To detect an insertion in flies during crosses and to maintain the fly stocks, the D. 
melanogaster mini-white eye colour marker gene was used. To generate new fly lines with 
insertions of the reporter gene on the X chromosome, we started with previously obtained 
transgenic flies carrying an X-linked insertion at the following positions: 3,451,351 (Line ID: 
X20), 14,222,240 (Line ID: X25) and 6,998,869 (Line ID: X27) (Argyridou and Parsch, 2018). 
The transgenic line yw; Δ2-3, Sb/TM6, which contained a source of transposase (Δ2-3) on the 
third chromosome linked to the stubble bristles (Sb) phenotypic marker, was used to mobilize 
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the insertion into new genomic sites. A line containing no reporter gene, with a yellow, white 
(yw) background, was used as a negative control for measuring -galactosidase activity. 
 
A forward genetic screen was carried out using a fly line with the X-linked P[wFl-
ocnlacZ] (wol) reporter gene construct generated in a previous study, with the genomic 
position at 16,677,891 (wol20X) (Hense et al., 2007). This construct contains a testis-specific 
promoter of the ocnus (ocn) gene, the mini-white gene as a selective marker and the lacZ 
reporter gene (Figure 2.1B). The ocn promoter, as previously shown, induces a high level of 
expression in testes and the reporter gene displays the X chromosome suppression effect with 
an average 7-fold decrease in expression when it is located on the X chromosome compared 
to the autosomal locations. Two other lines with insertions on the X chromosome, one with an 
undetermined genomic position (wol5X) and one at position 7,231,447 (wol12X) were used 
for the additional crosses of mutant lines in the mapping of causative mutations (see the 
additional cross 2 in section 2.6). As control of β-galactosidase activity in testis without the 
X-suppression effect, we used an additional fly line with the same reporter gene construct 
located on the third chromosome (wol16). After carrying out chemical mutagenesis (see 
section 1.10), to establish and maintain mutant fly stocks, we performed several genetic 
crosses with a line carrying four balancer autosomes with different phenotypic markers (yw; 
CyO/ScO; Ubx/Sb). Individual copies of the mutant lines were also maintained using the 




Figure 2.1. Schematic diagram of the reporter gene constructs. Schematic diagram of (A) the 
CMV-lacZ reporter gene construct which contains two copies of the E. coli lacZ gene fused to 
the CMV promoter flanked by the terminal repeat sequences of a P transposable element. The 
D. melanogaster mini-white gene is included as a visible eye colour marker gene. Schematic 
diagram of (B) the wol reporter gene construct containing the testis-specific ocnus promoter, 
the lacZ reporter gene and the mini-white eye colour marker gene. P-element terminal repeats 
flank all elements of this construct. 
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Functional tests of candidate genes were performed by crosses between flies carrying 
specific UAS-RNAi and Gal4 insertions. In the progeny carrying both of these elements, Gal4 
activity enabled controlled activation of the UAS in various tissues. Three UAS-RNAi lines 
provided by the Vienna Drosophila Resource Center (VDRC, Vienna, Austria) were used, in 
which the UAS is fused with the inverse repeat sequence of one of the three target genes: i) 
CG13003 (VDRC ID: 107843. Second chromosome insertion; referred to as RNAi-CG13003), 
ii) CG1314 (VDRC ID: 41502. Third chromosome insertion; referred to as RNAi-CG1314), 
iii) CG31525 (VDRC ID: 107890. Second chromosome insertion; referred to as RNAi-
CG31525) (Dietzl et al., 2007). For RNAi tests, Gal4 lines available in the group of Prof. 
Parsch were used in which Gal4 was under the control of four different promoters: i) Bam, 
which drives Gal4 expression in late spermatogonia and early spermatocytes (Line ID: UAS 
Dicer1; Bam-Gal4/TM3; Sb. Third chromosome insertion. Referred to as Bam-Gal4); ii) Tj, 
which drives GAL4 expression in cyst stem cell and cyst cells (Line ID: Tj-Gal4. Third 
chromosome insertion. Referred to as Tj-Gal4); ii) Nanos, which drives Gal4 expression in 
germline stem cell and spermatogonia (Line ID: nanos-Gal4. Second chromosome insertion. 
Referred to as Nanos-Gal4); iv) Act5C, which drives ubiquitous Gal4 expression (Line ID: 
Act5c-Gal4/CyO. Second chromosome insertion against CyO balancer. Referred to as Act5C-
Gal4) (White-Cooper, 2012; Yu et al., 2016). For each RNAi/Gal4 test, we used control lines 
containing a specific Gal4 with a background of each UAS-RNAi line but without the inverse 
repeat of a part of the target gene sequence (line with VDRC ID: 60100 for RNAi-CG13003 
and RNAi-CG31525, and the line with VDRC ID: 60000 for RNAi-CG1314). The absence of 
the inverse repeat sequences means that there is no hairpin RNA expression to bind and 
degrade the target gene’s mRNA. 
 
All fly stocks were kept on a standard cornmeal-molasses food at a constant 
temperature of 21 °C with a 14/10 light/dark cycle. For quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR) analysis, genetic crosses and fly ageing were 
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2.2 Generation of new insertions of the CMV-lacZ reporter gene and the 
forward genetic screen using transgenic flies carrying the wol reporter gene 
2.2.1 Mobilizing the CMV-lacZ reporter gene to new chromosomal locations 
Each of the new insertions was obtained by mobilization following the genetic crossing 
scheme described by Hense et al. (2007). This crossing scheme includes several main steps 
described below (Figure 2.2A). First, we crossed the initial transgenic females with the X-
linked reporter gene, which is marked by the mini-white gene, to yw; 2-3, Sb/TM6 males, 
marked by the Stubble (Sb) phenotype. This cross was performed using 2–3 males and 2–3 
virgin females per vial, and all subsequent crosses were performed using one male and 2–3 
virgin females per vial in parallel to generate a large number of replicates. Male offspring 
with red eyes and stubble bristles were crossed to females of the yw strain. If in the 
subsequent generation red eyes and stubble bristles were consistently inherited together, we 
could assume that both the transposase coding gene and our reporter gene construct were 
located on the third chromosome. Males with this phenotype were used for further crosses 
with yw females to mobilize the transgene from the third chromosome marked by Sb. In this 
case, we collected offspring that have red eyes but wild-type bristles. Flies with this 
phenotype carry new X-linked or autosomal insertions and can be used for further mapping. 
To identify the flies carrying the transgene on the X chromosome, crosses were made between 
transgenic males with red eyes and yw; Δ2-3, Sb/TM6 females. If all female offspring, but no 
male offspring, inherit the mini-white marker, it would indicate that the male has an insertion 
on the X chromosome (Figure 2.2B). 




Figure 2.2. Fly crosses for mobilizing and mapping reporter gene insertions. (A) Schematic 
diagram of crosses designed to generate new X-linked insertions of the CMV-lacZ reporter 
gene. (a) Crosses between males carrying the original insertion on the X chromosome and 
females carrying the transposase encoding gene. (b) Due to transposase activity in the 
germline of the first filial generation (F1) males, the reporter gene was mobilized to a new 
genomic position, including a third chromosome, which carried the transposase encoding 
gene. (c) In the germline of the second filial generation (F2) males, the insertion could be 
mobilized away from the third chromosome. In this case, only the red-eyed marker was 
observed in the third filial generation (F3) females. (B) Schematic diagram of the mapping 
crosses. The selected males were mated with yw females. The inheritance of the red eye 
marker exclusively by females, whereas all males had white eyes was indicative of an X-
linked reporter gene insertion. 
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2.2.2 Mutagenesis and genetic crosses of flies with the X-linked wol transgene  
Forward mutagenesis was carried out using EMS, which has been shown to cause mainly 
point mutations at random DNA sites (Pastink et al., 1991; Blumenstiel et al., 2009; Phadnis 
et al., 2015). For this, newly-emerged wol20X males were aged for one day and, after 
starvation for 6 hours, placed in vials with a cotton pad soaked in a 6% sucrose solution 
containing 25 mM EMS overnight. After a period of recovery on a standard medium for one 
day, males carrying random mutations were crossed with virgin females of the yw; CyO/ScO; 
Ubx/Sb line. One male and 1–2 females were crossed per vial with about 50 replicates for 
each mutagenesis round. The flies were allowed to lay eggs for about one week and were then 
placed in new vials. Because EMS has the highest effect on mature spermatozoa and 
spermatids and the period of renewal of sperm in testes is about a week, all offspring in these 
vials are expected to have unique random mutations. 
 
From each vial, 5–20 virgin females of the F1 generation containing one mutagenized 
copy of the X, second and third chromosomes were crossed to the yw; CyO/ScO; Ubx/Sb 
males with one female and 2–3 males per vial (Figure 2.3). Thus, all offspring will contain 
only one variant of the mutant chromosomes. Some of the red-eyed males of the F2 
generation that were hemizygous for the mutant X chromosome and, when available, 
heterozygous for the mutant second and third chromosomes were preliminarily assayed for β-
galactosidase activity. The remaining flies of this generation with different combinations of 
mutant and balancer chromosomes were randomly crossed with each other by transferring 
them into new vials en masse (Figure 2.3). Male offspring with the red-eye marker that were 
hemizygous for the mutant X chromosome and homozygous for both mutant autosomes were 
tested for β-galactosidase activity. Therefore, it may have been possible to detect recessive 
mutations affecting X suppression on each chromosome. However, often we could not find 
males with homozygous second or third autosomes (or both), in which case males with at 
least one homozygous or heterozygous mutagenized autosome were tested.  




Figure 2.3. Schematic diagram of genetic crosses for mutagenesis screening. (a) Cross 
between males with the X-linked wol reporter gene subjected to EMS mutagen and yw; 
CyO/ScO; Ubx/Sb females. (b) Males from the yw; CyO/ScO; Ubx/Sb line were crossed with 
mutant females from the F1 generation carrying the wol reporter gene, second (CyO or ScO) 
and third (Sb or Ubx) balancer chromosomes. (c) F2 offspring with different combinations of 
mutant and balancer chromosomes were allowed to mate randomly. However, we expected 
that males with a mutant X chromosome could be sterile. (d) F3 male offspring in each 
mutant line with different combinations of homozygous or heterozygous autosomes and a 
mutant X chromosome were tested for β-galactosidase activity. 
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2.3 Mapping insertion locations by an inverse PCR approach 
To find the exact chromosomal location of each reporter gene insertion, we used an inverse 
polymerase chain reaction (PCR) technique (Bellen et al., 2004). The whole bodies of five 
males and four females were homogenized, and DNA was extracted with MasterPure DNA 
Purification Kit (Epicentre, Madison, WI, USA) (Protocol C1, Appendix C). DNA 
concentration and quality were confirmed with a NanoDrop 1000 (Thermo Fisher Scientific, 
Waltham, MA, USA). A restriction digest was then performed using the HinPI or HpaII 
enzymes (Protocol С2) with subsequent self-ligation with T4 DNA ligase (New England 
Biolabs, Ipswich, MA, USA)(Protocol С3). The DNA fragments containing the transgene and 
the adjacent unknown sequence were PCR-amplified from the pP[wFl] transformation vector 
with primers: Plac1-Plac4 and EY.3.F-EY.3.R (Table B1, Protocol С4). PCR products were 
used for agarose gel electrophoresis to identify the number of insertions. The subsequent 
sequencing of PCR products was performed using BigDye v1.1 chemistry on an ABI 3730 
automated sequencer (Applied Biosystems, Foster City, CA, USA) with two primers: Sp1 and 
EY.3.F (Table B1, Protocol С5). Sequencing was run on an ABI 3730 automated sequencer 
(Applied Biosystems, Foster City, CA, USA) by the Genomics Service Unit (LMU Munich, 
Faculty of Biology, Division of Genetics, Planegg-Martinsried, Germany). The genomic 
locations of the insertions were determined by a BLAST search (Altschul et al., 1990) using 
the genomic sequences flanking the transgene as the query and the D. melanogaster genome 
(Release 6.31) as the reference.  
2.4 Characterizing the genomic environment of reporter gene insertions  
The locations of DCC component binding sites (MLE, MSL2 and MSL3), as well as the HAS 
(defined by the co-localization of MLE and MSL2), were taken from previously published 
ChIP-chip (Alekseyenko et al., 2006) and ChIP-seq (Straub et al., 2013) studies. The distance 
between the binding sites of each DCC component and the reporter gene insertions was 
calculated as the minimum number of base pairs between their starting (or ending) genomic 
coordinates. Because the regulatory effect of the DCC is thought to be limited to active 
chromatin compartments of approximately 50 kb (Schauer et al., 2017), we limited our main 
analysis to reporter genes located within this distance of a DCC binding site. 
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The location of each reporter gene insertion relative to the annotated genes of D. 
melanogaster was determined using FlyBase release 6.31 (Thurmond et al., 2019). We 
classified each insertion based on its position relative to the closest gene (5’ flanking or 3’ 
flanking for intergenic locations) or functional element of a gene (5’ UTR, coding sequence, 
intron, or 3’ UTR for intragenic locations). Eight of the insertions were in locations 
overlapping the transcriptional units of multiple genes. Four of these were cases in which one 
gene was embedded within a long intron of another gene. In these cases, we considered the 
insertion to be in the inner gene. The other four insertions were in locations where two genes 
had (partially) overlapping transcriptional units, depending on the mRNA isoform. In these 
cases, we considered the insertion to be in the gene that had its coding sequence closer to the 
insertion site. 
 
To determine the sex bias of the endogenous genes in which the reporter genes were 
located, we used the log2(male/female) expression values compiled by Huylmans and Parsch 
(2014). This included expression data for the brain (Catalán et al., 2012), head (Meisel et al., 
2012), whole fly (Gnad and Parsch, 2006), and gonads (Brown et al., 2014). Only genes with 
expression data in the above studies were included. For carcass, this amounted to 59 genes, 
while for both head and gonad, it was 60 genes.  
2.5 Reporter gene expression assays  
2.5.1 Somatic and germline expression of the CMV-lacZ reporter gene 
The expression of the CMV-lacZ reporter gene was measured with a β-galactosidase 
enzymatic activity assay (Protocol С11). The activity was measured in the carcass (the whole 
fly with the gonads and head removed), head, testis, and ovary. Five hemizygous males or 
heterozygous females were used for protein extraction. In addition, homozygous females were 
assayed for a subset of 15 of the transgenic lines. For a subset of 32 transgenic lines, heads 
were dissected into the brain and head case (the remaining head after brain extraction). Brains 
and head cases from 10 hemizygous males and heterozygous females were used for protein 
extraction. The β-galactosidase activity was measured as the change in absorbance per minute 
(mOD/min) for the linear range of the reaction curve. For each transgenic line, as well as a yw 
negative control line, 2–4 biological replicates were tested, with the activity of each biological 
replicate corresponding to the mean of its two technical replicates. 
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To standardize enzymatic activity in samples derived from different tissues and sexes, 
the total soluble protein concentration was determined using the Lowry assay (Lowry, 1951) 
(Protocol С13). For each technical replicate, 10 µl (carcass, ovaries, and whole head) or 20 µl 
(brain, head case, and testis) of protein extract was used for the analysis. Standardized activity 
(units/mg) was calculated as the enzyme activity divided by the total protein amount in 1 ml. 
For subsequent analyses of the CMV-lacZ reporter gene, standardized enzyme activity was 
used unless otherwise indicated. 
 
Using two cutoffs for the activity difference between males and females (1.25-fold 
and 1.5-fold), we classified the reporter gene insertions by their male-to-female expression 
ratio. Reporter genes with an expression ratio greater than 1.25 and 1.5 were classified as 
1.25-fold and 1.5-fold male-biased, respectively. Reporter genes with an expression ratio 
lower than 0.8 and 0.67 were classified as 1.25-fold and 1.5-fold female-biased, respectively. 
Reporter genes with an expression ratio between 0.8 (0.67) and 1.25 (1.5) were classified as 
unbiased. 
2.5.2 Forward genetic screen 
To test for changes in the wol reporter gene expression in testes of mutagenized wol20X 
males, a modified β-galactosidase activity assay was performed (Protocol С12). For this, 
mutant males were collected from each line for two days and aged five days under standard 
conditions. Enzyme activity in either whole males or abdomens was measured using the same 
method as described above, with at least two replicates per mutant line. As a negative control, 
we used yw; CyO/ScO; Ubx/Sb males, which lack the reporter gene. Males with a 
homozygous autosomal insertion of the reporter gene (wol16) were used as a positive control 
to estimate the reporter gene expression in testes in the absence of suppression (homozygous 
expression refers to 100% expression) (Figure 2.4). To estimate 50%, 25% and 12.5% β-
galactosidase activity, proteins extracted from positive control males were diluted 2-, 4- and 
8-fold. Since the wol20X males have only one copy of the reporter gene on the X 
chromosome, we also compared activity in males from candidate mutant lines to the activity 
in wol16 males heterozygous for the autosomal reporter gene insertion.  
 
Most screened samples are expected to show activity levels similar to X-linked 
controls, which on average show a 7-fold lower β-galactosidase activity than males with a 
heterozygous autosomal insertion. Thus, we aimed to find samples with the activity increased 
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by up to 7-fold, suggesting that a mutation occurred in a gene required for the X suppression 
(Figure 2.4). We also searched for samples with reduced activity, which would suggest local 
changes in expression regulation or mutations that disrupt the reporter gene’s function. 
Because only one male was tested per assay, additional replicates were performed on all lines 
showing unusually high or low activity. For a set of lines showing increased expression, we 
additionally measured β-galactosidase activity in the dissected testes to determine that the 
increased reporter gene expression is not the result of a loss of tissue-specific regulation. We 
also standardized the β-galactosidase activity by measuring the total soluble protein 
concentration in samples derived from the mutant and control lines to account for variations 
in a tissue amount. For this, β-galactosidase activity assay was performed on ten dissected 
testes per sample (Protocol С11), and the total soluble protein concentration was measured in 
20 µl of protein extract by the Lowry assay (Protocol С13).  
 
 
Figure 2.4. Mutant screening design. The yellow bar illustrates the β-galactosidase activity 
gradient expected for various samples. The range of activity levels expected for mutants with 
low or high reporter gene expression is marked in red. The control X-linked activity level is 
that of the wol20X line, while the autosomal activity levels are from the wol16 line.  
2.6 Maintaining the candidate mutant strains and mapping of causative 
mutations by genetic crosses 
After the changes in reporter gene activity had been confirmed in the Low and INXS mutant 
lines, it was necessary to maintain these stocks without losing the mutant X chromosome or 
either of the autosomes 2 or 3. From the initial screening tests of the Low 1/2 males, we were 
able to map the location of the causative mutations on the X chromosome. Furthermore, as we 
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had not found any significant variation in reporter gene expression, these lines were kept with 
homozygous autosomes simply by transferring each new generation into vials with fresh food. 
 
In INXS 1/2 mutant lines, we found that β-galactosidase activity had high variation 
among samples, which could be explained, at least partially, by the segregation of mutations 
among individuals. Therefore, we performed a series of crosses to establish mutant lines with 
stable overexpression and to narrow down the potential chromosomes carrying a causative 
mutation. Since males carrying the reporter gene construct on the X chromosome of both 
INXS 1/2 lines were sterile, we crossed mutant virgin females with red eyes with yw; 
CyO/ScO; Ubx/Sb males. Males of the subsequent generation carrying the reporter gene were 
assayed for β-galactosidase activity. These tests were performed using males with different 
sets of balancer chromosomes, so we could infer the presence of causative mutations on a 
mutant autosome if its replacement by a balancer resulted in a restoration of control activity 
level. Next, when the increased expression was detected in a large number of males collected 
from the same parental vial, females with red eyes and mutant autosomes were crossed with 
their white-eyed siblings. Each replicate strain of INXS 1/2 mutants generated by this method 
was maintained independently by mating females carrying the reporter gene on the X 
chromosome and heterozygous autosomes maintained over balancers with their white-eyed 
siblings or yw; CyO/ScO; Ubx/Sb males. To avoid recombination of the mutant X 
chromosome and yw chromosome, independent replicate stocks of both mutant lines were 
kept with the mutant X chromosome over the FM7i balancer. For this purpose, virgin females 
of each of the mutant lines with the mutant X chromosome and the balancer autosomes were 
crossed with males of the line carrying the FM7i balancer. 
 
Two additional crosses between the mutant and transgenic lines with the X-linked 
reporter gene were performed to map chromosomes carrying causative mutations. In the first 
additional cross, we used mutant females with red eyes and the CyO and Sb balancer markers 
over mutant chromosomes and wol20X males. The F1 male offspring with red eyes were 
assayed for β-galactosidase activity. If the increased activity was observed only in males 
without the CyO (or Sb) marker, this could suggest a causative mutation on the second (or 
third) chromosome. In the second additional cross, mutant females with no reporter gene 
insertion on the X chromosome carrying the CyO and Sb balancer markers were crossed with 
males from one of the three transgenic lines with an X-linked reporter gene insertion (wol20X, 
wol12X, wol5X). Female offspring with red eyes and with no balancers were then crossed 
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with males of the corresponding wol line. The male offspring were then tested for β-
galactosidase activity. Increased activity in these males could suggest that the causative 
mutation is not located on the X chromosome. For all additional crosses, one female and 2–3 
males were used per vial. 
2.7 Detecting de novo mutations by next-generation sequencing 
After the preliminary genomic mapping of the causative mutations, we performed a whole-
genome sequencing analysis of the Low 1/2 and INXS 1/2 lines to detect the EMS-induced 
mutations. To determine the background (non-mutant) genome sequence, we used six samples 
of wol20X and six samples of the yw; CyO/ScO; Ubx/Sb lines used in our crosses. For each 
line, four samples were of individual males, and the other two were pooled samples of seven 
males each. For the Low lines, we used one sample per line, which consisted of an individual 
male carrying a mutant X chromosome and both autosomes (over balancers for Low1 and 
homozygous for Low2). For the INXS1 sequencing, we used ten samples, each consisting of a 
single male carrying a mutant X chromosome and mutant autosomes maintained over 
different balancers. For the INXS2 sequencing, we used nine samples, each consisting of a 
single male carrying a mutant X chromosome and different combinations of mutant 
autosomes and balancers. Prior to sequencing, the abdomen of each individual male was 
assayed for the β-galactosidase activity to verify the level of reporter gene expression. The 
rest of the bodies (head and thorax) were stored in -80 °С in 95% alcohol until DNA 
extraction. Genomic DNA was extracted with the MasterPure DNA Purification Kit 
(Epicentre, Madison, WI, USA) (Protocol С1). DNA concentration and quality were 
confirmed with a NanoDrop 1000. Sequencing was performed by an external sequencing 
facility using the Illumina NovaSeq 6000 platform (Novogene, Beijing, China) to generate 
approximately 30 million 150-base-pair (bp) paired-end reads per library (about 50X coverage 
of the D. melanogaster genome), which is sufficient for the detection of point mutations and 
short insertions/deletions (Haelterman et al., 2014).  
 
Next-gen sequence data analysis described by Haelterman et al. (2014) was conducted 
by John Parsch and Eliza Argyridou. Raw sequence reads were mapped to the D. 
melanogaster reference genome (Release 6 to generate a list of single nucleotide variants and 
short indel variants. Further, mutations that occur in the genomes of wild populations of D. 
melanogaster (used references) or have been found in the genomes of parental lines (wol20X 
  2. Materials and Methods 
34 
 
and yw; CyO/ScO; Ubx/Sb) were excluded. Our focus was mainly on variants that affected the 
genome’s functional parts and were found on chromosomes associated with up-regulated 
expression of the reporter gene. 
2.8 Endogenous gene expression analysis with RNA-sequencing and qRT-PCR 
In order to test the general increase in gene expression on the X chromosome, RNA-
sequencing analysis of the INXS1 mutant was performed. For this, pooled samples from 30 
testes in 3 biological replicates of the INXS1 mutant and the parental wol20X line were used. 
RNA extraction using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and analysis of 
sequencing data was performed by Eliza Argyridou. Sequencing was performed by an 
external sequencing facility using the Illumina NovaSeq 6000 platform (GENEWIZ, Leipzig, 
Germany) to generate approximately 36 million 150bp paired-end reads with poly-A 
enrichment. Mapping of reads and subsequent gene expression analysis were carried out with 
NextGenMap (Sedlazeck et al., 2013) and DEseq2 packages (Love et al., 2014). For the 
normalization of reads, the external RNA control consortium (ERCC) spike-in controls with a 
minimum gene count of 50 were used (Jiang et al., 2011). Increased gene expression in testes 
was determined for all genes with a minimum normalized gene count of 50 or greater. 
Normalized gene counts of INXS1 mutant and wol20X control lines were further used for 
differential gene expression analysis (see below).  
 
The general increase in expression on the X chromosome in INXS2 was tested using 
qRT-PCR. For this purpose, six X-linked genes with high testis-specific expression and 
showing a high fold-change expression difference in the INXS1 RNA-seq analysis were 
selected (CG12689, CG3323, CG15306, CG15892, CG11068, CG7349). A total of 5–10 
biological replicates were analysed for the mutant and parental wol20X lines and each pair of 
amplification primers (Table B1). A total of 10 testes from 4–6 day-old males were collected 
per sample in 1X phosphate-buffered saline (PBS) and stored in liquid nitrogen. RNA 
extraction was carried out on the same day with the MasterPure RNA Purification Kit 
(Epicentre, Madison, WI, USA) (Protocol С8). RNA concentration and quality were 
confirmed with a NanoDrop 1000. This was followed by cDNA generation from 650 ng of 
isolated RNA with SuperScript III reverse transcriptase (Life Technologies) (Protocol С9). 
qRT-PCR analysis was carried out on a Real-Time thermal cycler CFX96 (Bio-Rad, Hercules, 
CA, USA) with 2–3 technical replicates for each primer pair amplifying the target and 
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reference (RpL32) gene sequences (Protocol С10). Fold-change expression difference was 
calculated using the ΔΔCt method, where the ratio of the mean expression of the target and 
reference genes (ΔCt) was applied to normalise the expression and then the ratio of the mean 
ΔCt of the mutant and control X-linked lines was calculated (ΔΔCt) (Livak and Schmittgen, 
2001). The fold-change for expression was then found as 2^-(ΔΔCt) with a 95% confidence 
interval. 
2.9 Functional test of CG13003, CG1314 and CG31525 candidate genes 
To test whether the candidate mutated genes were associated with the observed lack of X 
chromosome suppression in the male germline, we took advantage of the targeted gene 
knock-down by the UAS-Gal4 system (Figure 1.3). The aim was to obtain an increase in the 
reporter or endogenous genes expression to the level of mutant lines and male sterility. 
However, as there may be variation in the silencing efficiency in different cell types and 
different with different UAS-RNAi constructs, we also expected variation in the manifestation 
of these traits in individual males. A preliminary RNAi test was performed using four 
different Gal4 promoters (Bam, Tj, Nanos, Act5C) and the CG13003 target gene. For this 
purpose, Gal4 and UAS-RNAi constructs were introduced into a wild-type background of the 
parental wol20X line by genetic crosses followed by testing for the resulting phenotype. 
Females of the wol20X line were crossed with yw; CyO/ScO; Ubx/Sb males. F1 males with 
red eyes and the CyO balancer on the second chromosome were collected and crossed with 
RNAi-CG13003 females to obtain female offspring carrying both the reporter gene on the X 
chromosome and UAS-CG13003 over the CyO balancer on the second chromosome. As a 
final step, these females were crossed separately with males of each Gal4 lines. Male 
offspring with the reporter gene, UAS-CG13003, and Gal4 were assayed for their β-
galactosidase activity. Males without UAS-CG13003 (with the ScO balancer) were used as 
controls. Only males with β-galactosidase activity higher than that in males without a reporter 
gene insert (yw) were considered in subsequent analysis. 
 
We also used qRT-PCR to test if the knockdown leads to up-regulation of endogenous 
X-linked genes with confirmed increased expression in INXS 1/2 mutants (CG12689, 
CG11068). This was done by crossing Bam-Gal4 and Act5C-Gal4 females with RNAi-
CG13003, RNAi-CG1314 and RNAi-CG31525 males and Tj-Gal4 females with RNAi-
CG13003 males. As a control, males lacking the UAS-RNAi constructs were used. These 
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control males were obtained by crossing females of each of the Gal4 lines with males of the 
60100 (for tests of RNAi-CG13003 and RNAi-CG31525) and 60000 (for tests of RNAi-
CG1314) lines. One male and 2–3 females per vial were used for all crosses. Then, 10 testes 
from 4–6 day-old males were dissected and placed in DNA/RNA Shield (Zymo Research, 
Irvine, CA) and stored at -80 °C until RNA extraction. RNA extraction was performed on the 
same day using the MasterPureTM DNA/RNA Purification Kit (Protocol С8). This was 
followed by cDNA generation from 650 ng (1.5 μg for samples with 7 whole flies when 
expression of CG13003 was tested) of isolated RNA with SuperScript III reverse transcriptase 
(Invitrogen™ Life Technologies, Carlsbad, CA, USA) (Protocol С9). qRT-PCR analysis and 
expression fold-change calculation were performed according to the methodology described 
above for primer pairs amplifying sequences of target and reference (RpL32) genes (Table B1, 
Protocol С9). The RNAi knockdown efficiency was tested by measuring the target RNAi 
gene’s expression in samples with UAS-Gal4 and control samples. The efficiency of the 
knockdown was calculated as (1 - fold-change)*100, where the fold change was measured for 
genes targeted by RNAi (CG13003, CG1314, CG31525). 
2.10 Association analysis of mutations and increased reporter gene expression 
in INXS 1/2 mutants 
To examine which genomic variants contribute to increased reporter gene expression in both 
mutants, we performed a series of β-galactosidase activity measurements in males, followed 
by genotype testing. Males of the INXS 1/2 mutant lines with different combinations of 
balancer chromosomes and males obtained from the additional crosses (see section 2.6) were 
collected, and their abdomens were tested for β-galactosidase activity (Protocol C12). The rest 
of the body was frozen at -80 °C in 95% alcohol until the time of DNA extraction (Protocol 
C1). We tested 12 different genomic variants identified by whole-genome sequencing (10 in 
INXS1 and 2 in INXS2). Six of the variants were located in candidate genes (INXS1: 
CG13003, CG17344, CG42654, CG31525; INXS1: CG1314, CG31525), and six were 
selected as markers of chromosome regions in order to test for recombination between mutant 
and wild-type chromosomes (INXS1: Kua, LRR, sgg, Mcm3, Usp4A, Ipp) (Table B1).  
 
Point mutations were tested by PCR (Protocol C6) followed by restriction digest 
(Protocol C7) if the mutation caused a DNA restriction site polymorphism. Thus, mutant and 
wild-type amplification products after incubation with restriction enzyme could be separated 
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by size using agarose gel electrophoresis (Table B1). In the absence of restriction site 
polymorphism, Sanger sequencing was performed (Protocol C5). The mutant and control 
DNA sequences were analysed with QIAGEN CLC Main Workbench 21.0.3 (Qiagen, Hilden, 
Germany). The short deletion in the CG13003 gene was screened using PCR followed by gel 
electrophoresis. Two pairs of primers were used to specifically amplify sequences of different 
lengths of the mutant and wild-type genotypes (Table B1, Protocol C6). 
2.11 Imaging of the wol reporter gene expression and male fertility test 
We visualised the reporter gene expression in the testes of 4–6 day-old males of INXS 1/2, 
wol20X and wol16 lines. The intact testes were dissected in 1X PBS and further incubated in 
an assay buffer containing 1 mg/ml ferric ammonium citrate and 1.8 mg/ml of S-GAL sodium 
salt (Sigma-Aldrich, Munich, Germany) for 6 hours at 37 °C. The stained testes were then 
rinsed in PBS solution for 20 minutes and imaged with a Levenhuk M300 Base camera 
(Tampa, United States) at 3.5X magnification. 
 
Male fertility tests were performed using 71 INXS1 and 79 INXS2 males. All males 
had the red-eye marker and different combinations of balancer chromosomes. Additionally, 
23–29 males of the knockdown lines (RNAi-CG13003, RNAi-CG1314 and RNAi-CG31525) 
and males of the wol20X control line were analysed. After the virgin males were collected, 
they were placed in separate vials with 2–3 virgin wol20X females to allow for mating and 
egg-laying. Flies were kept at 25 °C, and then on the tenth day, vials with live larvae and 
tubes without a single larva was counted. 
 
Additionally, sperm motility in the testes was tested for both mutants. For this, six 
pairs of testes from 6–8 day-old males of the INXS 1/2 and control wol20X lines were used. 
Dissection was performed in 1X PBS solution on ice. The pairs of testes were immediately 
transferred to a microscope slide, covered by a cover glass and slightly compressed. The 
testes were then imaged at 40X magnification with a 31.25 ms exposure time, using a Leica 
DM750 microscope (Leica Microsystems, Wetzlar, Germany) and a Levenhuk 300 Base 
camera (Levenhuk Inc., Tampa, USA). For each pair of testes, the spermatozoa were 
considered immobile if no spermatozoa showed the typical oscillatory movements. 
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2.12 Statistical analysis 
2.12.1 Proximity effects of DCC binding sites on sex-biased reporter gene expression 
Correlation analyses for a gene’s proximity to the nearest DCC binding site and its expression 
in males, females and male/female expression were performed using both the Spearman rank 
correlation (rho) and linear regression. For the main data set of 83 insertion locations, we 
compared -galactosidase activity and log2(male/female -galactosidase activity) in the 
different tissues by a paired t-test using the insertion locations as replicates. For smaller 
subsets of 15 and 32 transgenic lines (dosage and brain/head case analyses), we compared -
galactosidase activity and log2(male/female -galactosidase activity) in the different sexes and 
tissues with a Wilcoxon signed-rank test using the independent transformed lines as 
replicates. The comparison of the groups of insertions with different proximity to the nearest 
DCC binding sites was carried out with an unpaired Wilcoxon signed-rank test. One-way 
analysis of covariance (ANCOVA) was performed for 64 insertions located within transcribed 
regions of genes to determine the effect of endogenous genes’ sex-biased expression 
(covariate) on log2(male/female -galactosidase activity) in relation to the distance of each 
insertion to the nearest DCC binding site (independent variable). Two levels of distances were 
used: insertions within 25 kb (“close”) and insertions within the range of 25–50 kb (“distant”) 
to the DCC binding sites. One-way ANCOVA was performed using expression data from 
homozygous females, heterozygous females, and hemizygous males for 15 transgenic lines. 
For this, we first analyzed the influence of the distance to the nearest DCC binding site 
(covariate) on log2(male/female -galactosidase activity) among homozygous and 
heterozygous females (independent variable). Second, we analyzed the influence of sex-
biased expression of endogenous genes (covariate) on log2(male/female -galactosidase 
activity) among these two groups of females (independent variable). To compare sources of 
variation among insertions in brain and head case, we used an F-test, a variance component 
analysis (Schützenmeister and Piepho, 2012), and an asymptotic test for the equality of the 
coefficient of variation (CV) (Feltz and Miller, 1996). 
2.12.2 Identifying genes involved in the X suppression 
Up-regulation of -galactosidase activity in INXS 1/2 mutant males and males with RNAi-
mediated CG13003 gene knockdown was tested with a t-test or, in case of small sample size, 
with the Wilcoxon signed-rank test. Associations between mutations in INXS 1/2 mutants and 
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increased reporter gene expression were found by calculating proportions of males carrying 
the mutation in the categories of males with low and high expression. The difference in 
proportions between these groups for each of the target genes was tested with a Fisher’s exact 
test. The fertility test of males with RNAi targeting three candidate genes was performed by 
calculating the proportions of sterile males in the UAS-RNAi group and the UAS control 
group. The difference in proportions between these groups was tested with a Fisher’s exact 
test. 
 
For the differential gene expression analysis of INXS1 mutant and wol20X control 
lines, log2(fold-change for expression difference) was determined using DEseq2 (Love et al., 
2014) and the significance was assessed using the Wald test. P-values were adjusted for 
multiple testing using the false discovery rate (FDR) approach (Benjamini and Hochberg, 
1995). Then we filtered genes by considering only those with sufficient expression to 
calculate FDR. Genes were considered differentially expressed if they had FDR <5% and 
fold-change >1.5. Proportions of up-regulated genes for different chromosome arms were 
tested with Pearson’s chi-squared test with the Yates’ continuity correction. General 
upregulation of X-linked genes in INXS2 mutants and flies with RNAi-mediated knockdown 
of CG13003, CG1314 and CG31525 candidate genes was tested using qRT-PCR. The fold 
change for expression in the test and control lines was calculated. The significance of fold-














3.1 X-chromosome specific dosage compensation 
3.1.1 Chromosomal location and expression of reporter genes 
We obtained a total of 102 transgenic lines with unique X chromosomal insertions of the 
CMV-lacZ reporter gene (Table B2). Some of these insertions were very close to each other. 
In order to avoid pseudoreplication in our analyses, we did not treat insertions within 500 bp 
of each other as independent replicates of different locations. Instead, they were treated as 
replicates of the same location. In total, there were 32 such insertions, which were present at 
13 different genomic locations. After combining these 32 insertions as replicates of 13 
locations, a total of 83 unique insertion locations remained (Figure 3.1, Table B2). The CV 
for reporter gene expression among replicates of the combined insertions was not greater than 
that among biological replicates of individual insertions (Figure A1), indicating that short-
range (within 500 bp) chromosomal effects on expression are negligible. 
 
All of the 83 distinct insertions of the CMV-lacZ reporter gene were located in active 
chromatin regions and in close proximity to genes, with 64 of them being located within 
transcribed regions (Table 3.1). 
 




Figure 3.1. Reporter gene insertion locations on the X chromosome. Vertical lines show the 
locations of the 83 reporter gene insertions. Bold lines indicate locations where two insertions 
are within 50 kb of each other. 
Table 3.1. The number of reporter gene insertions in different gene regions. 
Gene region Insertions 
5’ flanking 17 
5’ UTR 28 (7)a 
Coding 1 
Intron 30 
3’ UTR 5 (1)a 
3’ flanking 2 
aNumbers in parentheses indicate insertions that could also be classified as intronic, 
depending on the transcript isoform. 
For each insertion location, reporter gene expression was measured in the head, gonad, 
and carcass (here defined as the whole fly with the head and gonads removed) using a -
galactosidase activity assay (Figure A2). To control for differences in X chromosome gene 
dose between males and females, activity was measured in females that were heterozygous for 
the reporter gene insertion (i.e., both sexes had only one copy of the reporter construct). To 
account for potential differences in enzyme activity due to variation in body or tissue size, 
activity was standardized by the total amount of protein in the sample (Figure A3). The total 
protein yield was higher in females than in males for all tissues, reflecting the larger 
body/gonad size of females.  
 
Somatic tissues showed very different patterns of standardized -galactosidase activity 
in males and females. In the carcass, standardized -galactosidase activity level was 
significantly higher in males than in females (paired t-test, P = 2.9 × 10-7), which may be the 
result of partial dosage compensation of X-linked reporter genes in males (Figure 3.2, Table 
B3). It should be noted that since the reporter genes are present as a single copy in both sexes, 
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X chromosome dosage compensation is expected to lead to higher expression in males. But 
the difference in expression between sexes is only about 1.2-fold, which is well below the 
two-fold difference expected under complete dosage compensation. On the contrary, in the 
head, there was significantly higher expression in females than in males (paired t-test, P = 1.2 
× 10-13). In the gonads, the reporter genes also had significantly higher expression in females 
than in males (paired t-test, P < 3.7× 10-13).  
 
In the testis, -galactosidase activity was much lower than in somatic tissues (Figure 
3.2, Table B3), which could potentially affect the accuracy of the results. Since there was both 
low levels of non-normalized activity and total protein in the testis, we examined whether 
these low values led to increased variance in the reporter gene expression measurements. 
There were no significant differences in the level of variation of -galactosidase activity 
between the testis and other tissues (asymptotic test for the equality of CV, P = 0.139 for 
testis vs. head and P = 0.094 for testis vs. carcass), indicating that reporter gene expression 
can be measured reliably in this tissue. 
 
 
Figure 3.2. -galactosidase activity in different sexes and tissues. For each tissue, differences 
between the sexes were tested using a paired t-test. ***P < 0.001. 
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3.1.2 Sex-biased expression and the influence of endogenous regulatory elements 
We determined the degree of sex-biased expression for each of the reporter gene insertions by 
measuring the ratio of reporter gene activity between males and females (Figure 3.3). In 
general, the results were consistent with the levels of activity seen for the two sexes separately 
(Figure 3.2). In the carcass, there were more male-biased than female-biased genes (63 vs. 
20). In contrast, for both the head and gonad, there was an excess of female-biased genes (6 
vs. 77 in head, 8 vs. 75 in gonad).  
 
To test for a tissue-independent effect of insertion location on reporter gene 
expression, we calculated Spearman’s correlation coefficient of -galactosidase activity for 
each tissue pair. The male-to-female expression ratio of the insertions was positively 
correlated between carcass and head (rho = 0.20, P = 0.034), between carcass and gonad (rho 
= 0.28, P = 0.002), and between head and gonad (rho = 0.15, P = 0.103). 
 
 
Figure 3.3. Male-to-female expression ratio (M/F) of reporter genes in different tissues. 
Coloured points indicate the level of sex-biased expression for the individual CMV-lacZ 
reporter gene insertion locations. 
As mentioned above, 64 of the reporter gene insertions were located within the 
transcriptional units of genes (Table 3.1). Thus, sequence elements regulating the expression 
of these genes may also influence the expression of the embedded reporter genes. To test this 
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possibility, we compared the male-to-female expression ratio of the reporter genes with that 
of the endogenous genes in which they were located using previously published sex-biased 
expression data from the different tissues (Gnad and Parsch, 2006; Meisel et al., 2012; 
Catalán et al., 2012; Brown et al., 2014; Huylmans and Parsch, 2015) (Figure 3.4). There was 
not a significant correlation between the sex-biased expression of the reporter genes and the 
endogenous genes in any of the tissues (Spearman rank correlation, P = 0.062 in the carcass, 
P = 0.593 in the head, P = 0.277 in the gonads). 
 
 
Figure 3.4. Correlation between the male-to-female expression ratio of each reporter gene 
and the endogenous gene in which it is located. Lines represent the least-squares linear 
regression.  
3.1.3 The effect of DCC binding site proximity on reporter gene expression 
To test if the mechanism of dosage compensation influences the sex-biased expression of X-
linked genes, we examined the correlation between the male-to-female expression ratio of 
each reporter gene insertion and its distance to the nearest DCC binding site (Table B4, B5).  
 
A previous study of the association between chromatin spatial structure and the size of 
TADs on DCC spreading showed that the highest number of genes were activated within 50 
kb from HAS (Schauer et al., 2017). Therefore, we focused our analysis on CMV-lacZ 
insertions located within this range from the nearest DCC binding sites, which included the 
vast majority of the insertion locations (Figure 3.5). The reporter gene insertions had different 
average distances to the nearest DCC binding sites (HAS: 17,924 bp; MLE: 13,546 bp; 
MSL2: 20,450 bp; MSL3: 9,391 bp), which is associated with the frequency of binding sites 
of the different DCC components on the X chromosome (HAS: 244; MLE: 509; MSL2: 208; 
MSL3: 1,384). 




Figure 3.5. Histograms of the minimum distance between reporter gene insertion sites and the 
binding sites of different DCC components. 
The correlation was consistently negative for all DCC components for the somatic 
tissues (head and carcass) (Figure 3.6, 3.7A, Table B4). This pattern was not observed for the 
gonad, where the correlation was close to zero and not significant (Figure 3.6, 3.7A, Table 
B4). When the expression is considered only in males, similar negative correlations are seen 
for all tissues (Figure 3.7B, A4A, Table B4), which is consistent with dosage compensation 
affecting the expression of the X chromosome in males. However, this negative correlation 
was weaker in the gonad. In females, there was no significant correlation between expression 
and distance to the binding site of any DCC component (Figure 3.7C, A4B, Table B4). We 
found no significant correlation for the whole dataset when we did not impose a maximum 
distance of 50 kb, except for the female carcass and head, where expression was negatively 
correlated with the distance to MSL3 binding sites (Table B5). 
 




Figure 3.6. Male-to-female expression ratio (M/F) and distance to the nearest DCC binding 
sites for different tissues. The binding sites of different DCC components are shown in 
columns. Colored lines represent the least squares linear regression. *P < 0.05. 
 




Figure 3.7. Relationship between reporter gene expression and distance to the nearest DCC 
binding sites for different tissues. Spearman’s correlation coefficient (rho) was calculated for 
the correlation between distance to the nearest DCC component binding sites and (A) 
male/female expression, (B) male expression, and (C) female expression. *P < 0.05, **P < 
0.01. 
A one-way ANCOVA was performed to examine the effect of the proximity of an 
insertion to the nearest DCC binding site on the male-to-female reporter gene expression 
ratio, after controlling for the sex-biased expression of the endogenous genes (Figure 3.8, 
Table B6). In carcass, insertions located close to MLE and MSL2 binding sites had 
significantly higher male-to-female reporter gene expression (ANCOVA, F = 3.9, df =1, 41, P 
= 0.027 for MLE; F = 3.2, df = 1, 37, P = 0.042 for MSL2). In head, the same pattern was 
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found for HAS (ANCOVA, F = 3.6, df = 1, 39, P = 0.032) and MSL2 (ANCOVA, F = 7.3, df 
= 1, 38, P < 0.01) binding sites. 
 
 
Figure 3.8. Male-to-female expression ratio of each reporter gene and the endogenous gene in 
which it is located for groups of their proximity to the nearest DCC binding site in different 
tissues. Lines represent the least-squares linear regression. Dots represent the individual 
CMV-lacZ reporter gene insertions. The colour indicates “close” (red) and “distant” (blue) 
groups of proximity to the binding sites of different components of the DCC (rows). *P < 
0.05, **P < 0.01 for the effect of the distance on the male-to-female expression ratio of the 
reporter gene. 
Since each reporter gene insertion on the X chromosome is flanked by some number 
of G4s, we additionally tested whether it affects the expression of the reporter gene serving as 
an insulator of the spread of the complex. Interestingly, in all tissues, we found a positive 
correlation between the reporter gene’s proximity to a nearby G4 location and its expression 
in females and males (Figure 3.9, Table B7). The correlation was slightly weaker in the heads 
and gonads for the male-to-female expression ratio, and close to zero in the carcass. In all 
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tissues, there was no significant difference in reporter gene male-to-female expression ratio, 
expression in males or expression in females between the following two groups: i) when the 
reporter gene is flanked only by G4s, and ii) when the reporter gene is flanked by at least one 
DCC binding site (Figure A5).  
 
 
Figure 3.9. Spearman’s correlation coefficient (rho) for the correlation between distance to 
the nearest G4s sites and male/female expression, male expression, and female expression. *P 
< 0.05. 
3.1.4 Reporter gene expression in heterozygous and homozygous females 
Although our primary analysis controlled for X chromosome copy number differences 
between the sexes by comparing females heterozygous for the reporter gene insertion to 
hemizygous males, we also examined the effect of gene dose by measuring expression in 
homozygous females of 15 independent insertion lines (Figure 3.10A, Table B8). As 
expected, homozygous females had higher expression than heterozygous females in all tissues 
(Figure 3.10A). The ratio of homozygous to heterozygous female expression (95% CI) was 
1.7 (1.45 – 2.08) in carcass, 1.5 (1.25 – 1.85) in head, and 2.0 (1.56 – 2.61) in ovary. In the 
carcass and gonad, the 95% CI included 2, suggesting a nearly linear relationship between 
expression and gene dose. However, in the head, the expression ratio was below 2, suggesting 
that there is not a simple linear relationship between gene dose and expression in this tissue. 
The homozygous females also had higher expression than hemizygous males (Figure 3.10A), 
indicating that exogenous reporter genes introduced onto the X chromosome are not fully 
dosage compensated.  
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To test if there is some influence of dosage compensation on this subset of genes, we 
separated them into two distance categories on the basis of their proximity to each binding 
site, with 7 (8 for MSL3) insertions being considered “close” (15–15,061 bp) and 7 (MSL2 
and MSL3) or 8 (HAS and MLE) “distant” (24,987–47,502 bp). We then compared the 
expression ratios between hemizygous males and homozygous females. In all tissues and for 
all DCC binding sites, the “close” insertions showed higher relative expression in males than 
the “distant” insertions, although the difference between categories was only significant for 
the head (Figure 3.10B for HAS, Figure A6 for MLE, MSL2, and MSL3). 
 
 
Figure 3.10. Effect of gene dose on β-galactosidase activity in various tissues. (A) Mean β-
galactosidase activity for heterozygous females, homozygous females, and hemizygous males. 
Error bars indicate the standard deviation across insertions at different locations. (B) Male-to-
female expression ratio (M/F) of reporter genes grouped by their proximity to the nearest 
HAS in different tissues for homozygous females and hemizygous males. Differences 
between the groups were tested with a Wilcoxon signed-rank test. *P < 0.05. 
For this subset of 15 reporter gene insertions, we tested how the dosage of the reporter 
gene in females, the expression pattern of the surrounding endogenous gene, and the 
proximity to the nearest DCC binding site affect the sex-biased expression of the reporter 
gene (Figure A7, A8, Table B6). In carcass, there was a significant positive correlation 
between the male-to-female expression ratio of the reporter genes and that of their 
surrounding endogenous genes (ANCOVA, F = 4.7, df = 1, 20, P = 0.043), and this pattern 
was similar for the groups with homozygous and heterozygous females (Figure A7, Table 
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B6). In all three tissues, after adjusting for the effect of endogenous genes there was a 
significant difference in the reporter gene sex-biased expression between these two groups 
(ANCOVA, F = 28.5, df = 1, 20, P < 0.001 for the carcass; F = 19.5, df = 1, 20, P < 0.001 for 
the head; F = 16.8, df = 1, 20, P < 0.001 for the gonad). After adjusting for the effect of the 
distance to the nearest DCC binding site, there was also a significant difference in the reporter 
gene sex-biased expression between the groups of homozygous and heterozygous females in 
all tissues (Figure A8, Table B6). In the carcass, there was a significant effect of the distance 
to HAS, MLE, and MSL2 binding sites on the sex-biased expression of the reporter gene. In 
the head, this pattern was even stronger for all DCC binding sites (Figure A8, Table B6). In 
gonad, we also found a negative correlation between the sex-biased expression of the reporter 
gene and the proximity to only HAS (ANCOVA, F = 4.7, df = 1, 20, P = 0.043). 
3.1.5 Reporter gene expression in the brain and head case.  
To test for differences in sex-biased expression between the brain and the rest of the head, we 
measured reporter gene expression in the brain and head case (the whole head with the brain 
removed) for a subset of 32 of our transgenic lines (Figure 3.11A, Table B9). Similar to the 
whole head (Figure 3.2), both tissues showed higher reporter gene activity in females (paired 
Wilcoxon signed-rank test, P = 0.015 and P = 4.7 × 10-10 for brain and head case, 
respectively), although the degree of female bias was higher in the head case than the brain 
(paired Wilcoxon signed-rank test, P = 0.017) (Figure 3.11A).  
 
When considering the male-to-female expression ratio of the individual reporter gene 
insertions, the median values were similar in the brain and head case (Figure 3.11B). 
However, there was much greater variance among the insertion locations in the brain (F-test, 
P = 5.6×10-10), with some showing strong male- or female-biased expression (Figure 3.11B). 
The difference in variance between the tissues could have two causes. First, it could be that 
there is greater technical variation among repeated activity measurements in the brain 
(intralocus variation), possibly because it is a smaller tissue with relatively low levels of 
reporter gene expression. Second, it could be that there is a greater position-effect variation 
(interlocus variation) among the X chromosomal insertion locations in the brain.  
 




Figure 3.11. Reporter gene expression in brains and head cases. (A) β-galactosidase activity 
in males and females. (B) The ratio of male/female expression. Coloured points indicate the 
level of sex-biased expression for the individual CMV-lacZ reporter gene insertion locations. 
Differences between sexes and tissues were tested with a paired Wilcoxon signed-rank test. 
*P < 0.05, ***P < 0.001. 
To determine the contributions of these two factors to the overall variance, we carried 
out a variance component analysis (Schützenmeister and Piepho, 2012) (Figure 3.12A, B). 
Although the brain displayed higher intralocus variation than the head case in both sexes 
(asymptotic test for the equality of CV, P = 0.021 and P = 4.8 × 10-4 for females and males, 
respectively), it also displayed significantly higher interlocus variation (asymptotic test for the 
equality of CV, P = 1.7 × 10-6 and P = 7.8 × 10-4 for females and males, respectively). Thus, 
gene expression appears to be more sensitive to the chromosomal location in the brain than in 
the rest of the head. However, for the head case and brain, we found no significant correlation 
between the male-to-female expression ratio, expression in males and females of each reporter 
gene insertion and its distance to the nearest DCC binding site, possibly due to small sample 
size (Table B10). 
 




Figure 3.12. Sources of variation in -galactosidase activity in brain and head case. (A) The 
interlocus component reflects variation among insertions at different X-chromosomal 
locations. (B) The intralocus component reflects variation among biological replicates of 
insertions at the same location. In all plots, variation is in units of standard deviation divided 
by the mean (CV). Differences between tissues were tested with an asymptotic test for the 
equality of CV. *P < 0.05, ***P < 0.001. 
3.2 X chromosome suppression in the male germline 
3.2.1 Forward genetic screen and reporter gene expression analysis of candidate 
mutant lines 
We performed chemical mutagenesis of males containing an X-linked copy of the wol 
reporter gene. After a series of crosses (Figure 2.3), we tested β-galactosidase activity in 
males carrying a mutagenized X chromosome and autosomes in a homozygous state or 
heterozygous with the balancer chromosomes. In total, more than 5,000 independent mutant 
lines were screened. Using an average of 2–3 replicate assays for each mutant line, we were 
able to test both dominant and recessive mutations on all chromosomes. However, since each 
assay was performed using the testis of one fly per sample, the activity measurements often 
had a high variation due to differences in tissue size or sample preparation error. Therefore, 
for approximately one-tenth of all lines studied, additional replicates were performed to 
confirm an initially observed up-regulation or down-regulation of activity level. 
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We found four candidate lines with the mean β-galactosidase activity in testis of 
2.15±0.44 mOD/min, which is slightly above the X-linked control level of 1.72±0.24 
mOD/min (Figure 3.13A). Nevertheless, we could not confirm a consistent increase in reporter 
gene expression for these lines after normalization by total protein amount using pooled 
samples (Figure 3.13B). This may indicate the presence of mutations affecting fly 
development, leading to greater variation in gonad size, or mutations driving broader 
expression of the reporter gene. These lines were not considered further. 
 
 
Figure 3.13. Reporter gene expression in testes of four candidate mutant lines. The wol 
reporter gene expression is measured as (A) -galactosidase activity in single fly or (B) 
standardized -galactosidase activity in pooled samples. For each variant, differences between 
the mutant and control X-linked lines were tested using a Wilcoxon signed-rank test. ***P < 
0.001. 
We found two lines with decreased -galactosidase activity in testis, Low1 (mean 
activity: 0.35±0.13 mOD/min) and Low2 (0.14±0.03 mOD/min) (Figure 3.14). These 
expression levels correspond to the background expression in tissues of wild-type flies 
(0.16±0.16 mOD/min), suggesting a complete loss of reporter gene activity. 
 
Our primary interest was focused on two lines with increased -galactosidase activity 
in the testis that we named INvolved in X Suppression: INXS1 (3.86±1.6 mOD/min) and 
INXS2 (4.63±1.61 mOD/min) (Figure 3.14). Both INXS mutant lines showed a similar 
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dispersion of the reporter gene expression among individually-tested flies, although INXS2 
had a significantly higher mean expression (t-test, P < 0.001). The activity of both lines was 
significantly higher than -galactosidase activity of the X-linked control and lower than the 
activity of heterozygous autosomal control (7.61±1.63 mOD/min) (t-test, P < 0.001) (Figure 
3.14). At the same time, the expression in testis of the INXS lines partially overlapped with 
both control lines due to a high variation in expression among individuals. This is expected, 
as the lines are not isogenic and the mutations will segregate among individuals. Furthermore, 
some of the variations could be attributable to the flies having different combinations of 
balancer chromosomes for chromosomes 2 and 3. 
 
 
Figure 3.14. Reporter gene expression in testis of Low 1/2 and INXS 1/2 compared with the 
X-linked (wol20X) and heterozygous autosomal (wol16A) controls. Points indicate the level of 
-galactosidase activity in one fly. Differences between both mutant lines and the autosomal 
or X-linked control lines were tested using a t-test. All comparisons between both INXS and 
between INXSs and controls showed P-value  < 0.001.  
In order to determine the chromosomal locations of causative mutations and their 
dominance, we attempted to test flies with each of the mutant chromosomes replaced by a 
balancer or wild-type chromosome in a variety of combinations. For this purpose, we 
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searched for flies with the desired combinations of balancer chromosomes in the INXS mutant 
stocks and additionally performed a series of mapping crosses with flies carrying neither the 
balancer chromosomes nor the X-linked reporter gene (see crossing protocols in section 2.6). 
Assuming no recombination, this approach would allow us to exclude the possibility that the 
causative mutations were on the X chromosome or one of the autosomes if they could be 
replaced with non-mutant chromosomes and a high level of reporter gene expression was still 
observed. 
 
We did not see a decrease in the reporter gene expression in the absence of only the 
mutant second chromosome in both INXS mutants, which had similar average expression 
levels in the testis (Figure 3.15). This suggests it is unlikely that the second chromosome 
carries the causal mutations. In the absence of only the mutant third mutant chromosome, 
INXS1 showed lower expression than INXS2 (t-test, P < 0.001). Although most INXS1 
samples had expression patterns in testis close to the X-linked level, the average expression 
was significantly higher (t-test, P < 0.001). A slightly different pattern was observed when 
both autosomes were substituted. In this case, INXS2 had significantly lower reporter gene 
activity comparing with INXS1 (t-test, P < 0.001) and almost complete recovery of the X-
linked expression (t-test, P = 0.052). Activity in INXS1 and INXS2 was equally decreased 
when only the X chromosome is substituted (t-test, P = 0.150). Still, it was higher than the 
activity in the X-linked control (t-test, INXS1: P < 0.001, INXS2: P < 0.01). Interesting results 
were obtained for males with all mutant chromosomes, which showed a very high variation in 
-galactosidase activity in both INXS mutants. In this case, INXS1 had a slightly lower 
expression than INXS2 (t-test, P < 0.001), possibly because a high proportion of the samples 
had expression similar to the X-linked control (Figure 3.15). 
 
 




Figure 3.15. Reporter gene expression in testis of INXS1 and INXS2 with different 
combinations of mutant chromosomes replaced by balancer or wild-type chromosomes. 
Points indicate the level of -galactosidase activity in one fly. The dashed line represents the 
activity level of the X-linked control. Differences between the two mutant lines were tested 
using a t-test. ***P < 0.001. 
The reporter gene expression was equally decreased in the absence of the mutant X 
chromosome in INXS1 and INXS2 (Wilcoxon signed-rank test, P = 0.150), but it was still 
higher than expression in the X-linked control (Figure 3.16). To rule out the possibility that 
the effect of reporter gene up-regulation is specific to the wol20X reporter gene, females of 
INXS1 without the mutant X chromosome were crossed to other, independent lines carrying 
X-linked reporter genes (wol12X and wol5X)(see the additional crosses in section 2.6). In both 
cases, INXS1 showed a moderate increase in -galactosidase activity compared to controls, 
suggesting that the target mutation is on the X chromosome (Figure 3.16). However, after 
crossing with all three X-linked lines, we still saw high expression levels in some samples so 
we could assume there was some recombination of the genomic region carrying the target 
mutation between the mutant and non-mutant X chromosomes.  
 




Figure 3.16. Reporter gene expression in testis of INXS1 and INXS2 male offspring after the 
additional crosses with non-mutant lines carrying X-linked reporter gene (wol5X, wol12X and 
wol20X). Points indicate the level of -galactosidase activity in one fly. Differences between 
the two mutant lines were tested using a Wilcoxon signed-rank test. ***P < 0.001. 
A very high variation in reporter gene expression level was typical for both INXS 
mutants and different combinations of chromosomes (Figure 3.15). Moreover, a high 
variation was observed both between individual replicate cultures of each mutant line and 
within replicate cultures, where the phenotype of interest may have been lost in successive 
generations that were particularly pronounced for INXS1. However, we could narrow down 
the possible chromosomes to the X and third chromosomes using these chromosome mapping 
results. 
 
In addition to the increased expression of the reporter gene, we found almost complete 
sterility of males in the INXS1 and INXS2 lines, whereas we did not find a reduction in female 
fertility. Of 71 INXS1 males tested, sterility was observed in 65, and of 79 INXS2 males 
tested, 72 males were sterile. The average level of -galactosidase activity in testis for sterile 
males were substantially higher than for fertile males (INXS1: 2.14 vs. 4.32 mOD/min, 
INXS2: 1.51 vs. 4.65). Thus, it is possible that mutations associated with increased expression 
of the reporter gene also lead to sterility in males. Microscopic examination of dissected testes 
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and spermatozoa revealed complete immobility of spermatozoa in all flies examined in both 
mutants. In both mutants, we did not observe significant changes in the different stages of 
spermatogenesis and there were clearly visible individual elongated spermatids, which 
however, did not result in the mature spermatozoa capable of entering the seminal vesicle. 
 
In additions, to visualize -galactosidase activity in testis of INXS 1/2 flies and 
determine whether the activity is ubiquitously increased in the testis or concentrated only in 
individual germ cell populations, we stained dissected testes using the S-gal reagent. We did 
not detect any distinctive -galactosidase activity pattern in the INXS 1/2 mutants compared 
with X-linked and autosomal controls (Figure 3.17). However, we found that all dissected 
testes of mutant males had markedly reduced volume of the seminal vesicles, probably due to 
the absence of fully-developed motile spermatozoa. Also, the total volume of the testes in the 
apical region i.e. the approximate area of the testes adjacent to the apical tip, was greater than 
in control males (Figure 3.17). 
 
 
Figure 3.17. -galactosidase activity in the testis. Expression of -galactosidase in the testis 
of (A) X-linked control (wol20X), (B) INXS1, (C) INXS2 and (D) autosomal control (wol16A) 
was visualized by staining with S-gal for six hours. For illustration, the testes of two 
individuals for each fly line (rows) are shown. All images are shown at the same scale and 
with the same imaging mode. SV refers to the seminal vesicle of a testis (shown only for the 
top row). AT refers to the apical tip of a testis (shown only for the bottom row). 
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3.2.2 Endogenous gene expression analysis in INXS1 and INXS2 
Although in INXS 1/2 mutants we observed increased expression of the wol reporter gene in 
the testis and complete male sterility, it is still possible that the mutations associated with 
these traits do not lead to a general X chromosome upregulation. Therefore, we used RNA-
seq analysis of gene expression in INXS1 testis to measure endogenous X-linked genes’ 
expression in the mutant background. It should be noted that we measured expression in 
INXS1 testes using pooled samples. Thus, we could only determine the average level of 
expression in these fly cultures regardless of the presence of the target mutations. However, 
there was a strong increase in X-linked expression in the mutant background compared to the 
X-linked control (wol20X) (Figure 3.18A). Interestingly, the fourth chromosome also showed 
an increase in expression, although much less pronounced (Figure 3.18B). 
 
We examined the difference in the number of up- and down-regulated genes between 
chromosomes with filtered out genes showing low expression, which presumably avoid the 
most substantial effect of the X suppression. The X chromosome showed the highest 
proportion and total number of up-regulated genes (Figure 3.19). Although the second and 
third chromosomes also showed a relatively large number of up-regulated genes, their 
proportion was more symmetrical to down-regulated genes (Figure 3.18C, D, E, F, Figure 
3.19). 
  




Figure 3.18. Expression of endogenous genes in the testis of INXS1 compared with an X-
linked control (wol20X). Differential expression analysis was performed for genes located on 
(A) the X chromosome, (B) fourth chromosome, and the arms of (C and D) the second and (E 
and F) third autosomes. Each point depicts a single gene with detectable expression in both 
tested lines. The log2 fold-change difference in expression between INXS1 and wol20X 
samples is shown on the X-axis, and the negative log10 of false discovery rate (FDR) is shown 
on the Y-axis. Differentially expressed genes (red points) were determined based on an FDR 
α level of 0.05 (horizontal dashed lines) and the fold-change cutoff of 1.5 (vertical dashed 
lines).  




Figure 3.19. Differentially expressed genes in the testis of INXS1 relative to an X-linked 
control. Differential expression analysis was performed for the X chromosome and the arms 
of the second and third autosomes. Differentially expressed (DE) genes were determined 
based on a FDR α level of 0.05, with a minimum fold-change of 1.5 and a minimum 
normalized read count of 50. Proportions of up-regulated genes were tested with an Pearson’s 
chi-squared test. *P < 0.05, ***P < 0.001. 
To test the effect of INXS2 on X chromosomal expression, we chose a small set of X-
linked testis-specific genes that showed strong up-regulation in INXS1 and tested them with 
qRT-PCR in INXS2 testis. All of them demonstrated a strong up-regulation similar to that 
observed in INXS1 (Figure 3.20).  
 




Figure 3.20. qRT-PCR analysis of the expression of six X-linked genes in INXS2. The fold-
change expression difference between INXS2 and the X-linked control was calculated as 2^-
(ΔΔCt) with error bars indicating the 95% confidence interval. The dashed line represents the 
fold-change level of the X-linked control. The significance of fold-change was tested using 
Welch Two Sample t-test. **P < 0.01, ***P < 0.001. Red bars indicate a fold-change 
expression difference for INXS1 as determined by RNA-sequencing. 
3.2.3 Mapping causative mutations with whole-genome sequencing 
We performed a genome-wide re-sequencing analysis of the two Low lines and the two INXS 
lines to map all induced mutations. A single sample per line without balancing chromosomes 
was used for the Low lines, as mapping crosses showed that the causative mutation was on the 
X chromosome in both lines. We found that both Low mutants had nonsynonymous mutations 
in catalytic domains of the reporter gene, which likely knocked out -galactosidase activity. 
Low1 had a G/A missense mutation at position 1,697 in the LacZ gene of the P[wFl-ocnlacZ] 
construct, changing a Gly to an Asp. Low2 had a G/A missense mutation at position 2,992 of 
the LacZ gene of the P[wFl-ocnlacZ] construct sequence, changing an Asp to an Asn. 
 
The situation was somewhat different for the INXS mutants, since mapping using 
classical genetic crosses resulted in only an approximate estimate of the target mutation’s 
location either on the X chromosome or on the third chromosome. Therefore, for genome-
wide analysis of each of the INXS lines, we used a set of samples with flies carrying, in 
addition to the mutant X chromosome, also at least one variant of a balancer chromosome and 
mutant chromosome for each pair of autosomes. We also knew the reporter gene expression 
level for each sample: all INXS1 samples were up-regulated, while for INXS2, we selected 
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both samples with increased expression and decreased expression. This enabled us to 
associate the observed mutations on a particular chromosome to the overexpression and 
determine whether there was recombination between the balancer and mutant chromosomes. 
Additionally, we used the available functional annotations from D. melanogaster to identify 
reasonable candidates, such as genes expressed in testis and genes known to cause male 
sterility when disrupted. 
 
In INXS1, we found one candidate gene, CG13003, which carried a 12 bp in-frame 
deletion in an exon at position 16,847,455 and was located on a segment of the X 
chromosome that in all samples was not recombined with the wild type chromosome (Figure 
3.21, Table B11). This mutation perfectly deletes four amino acids from the protein sequence. 
There was also a T/A point mutation in an intergenic region at position 16,239,180. This site 
was far from any annotated coding or functional regions of the genome. In INXS2, we found a 
total of 18 point mutations on the unrecombined part of the X chromosome shared by all 
lines. Of these, two mutations were located within a gene’s coding sequence (CG9784 and 
CG1314), five mutations were in introns (CG11178, Septin4, Ggt-1, Dop2R, DIP-beta) and 
three were in 3’ UTRs (ppk23, CG8188, CG32549). Eight mutations were in intergenic 
regions, with three of them located close to coding genes (CG11584, ppk23, RunxA). 
However, one INXS2 sample with low activity had the wild-type sequence and did not match 
the mutant lines with high activity after position 16,693,568. Accordingly, it is most likely 
that the causative mutation is located after position 16,693,568, leaving CG1314 as the top 
candidate gene (Figure 3.21, Table B11). In this gene, there was a G/A mutation at position 
20,869,041, changing a Gly to an Asp. We found no signs of differential expression in the 
testis on the X chromosome for both top candidate X-linked genes (based on FDR α level of 
0.05 and 1.5 fold-change cutoffs). 
 
On the second chromosome of INXS1, we found one candidate gene, CG17344, with 
an A/T mutation, changing a Ser to an Cys. This gene is located within the recombined region 
that spanned parts of 2L and 2R and was present in samples with and without mutant 
chromosomes. In INXS2, there was no genomic region with shared mutations between all high 
expression samples. 
 
On the third chromosome in both INXS1 and INXS2, we found a shared candidate gene 
CG31525, which had different nonsynonymous mutations in the two mutants. In INXS1, a 
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missense mutation is located at position 4,427,425, and in INXS2 one is located at position 
4,427,171. The former changes a Ser to a Phe. The latter disrupts the start codon and is, thus, 
likely to completely knock out gene function (Figure 3.22, Table B11). In both mutants, this 
gene was located on the chromosome region recombined with balancer chromosomes. Also, 
the third chromosome in INXS1 showed signs of recombination with balancers in the region, 
carrying a G/A mutation at position 19,954,508 in a start-codon of the gene CG42654 (Figure 
3.22, Table B11). 
 
 
Figure 3.21. Schematic representation of the top candidate genes on the X chromosome 
(CG13003, CG1314). The nucleotide and amino acid sequences of the D. melanogaster 
reference genome and INXS 1/2 mutant genome are shown for each gene. Blue arrows 
represent coding regions of genes with mutation sites marked by blue vertical lines. 




Figure 3.22. Schematic representation of the top candidate genes on the third chromosome 
(CG31525, CG42654). The nucleotide and amino acid sequences of the D. melanogaster 
reference genome and INXS 1/2 mutant genome are shown for each gene. Blue arrows 
represent coding regions of genes with mutation sites marked by blue vertical lines. 
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3.2.4 Associations between different mutations and increased reporter gene expression 
in INXS 1/2 mutants 
Sequencing results showed that several recombination events occurred in INXS lines between 
mutant chromosomes and wild-type chromosomes or balancers. Thus, causative mutations are 
likely to segregate in the mutant stocks. Using mutation markers in the top candidate genes 
and markers for recombination obtained from the whole-genome sequencing, we aimed to test 
the association of these mutations with increased reporter gene expression and narrow down 
the possible genomic locations of the causative mutations. For this purpose, we screened for 
the markers (Table B11) in males with different combinations of balancers and different 
levels of -galactosidase activity in testes using a combination of PCR, restriction enzyme 
digestion and Sanger sequencing (Table 3.2). 
 
In INXS1, on the X chromosome, we found associations between increased -
galactosidase activity in the testis and mutations in the candidate gene CG13003 and another 
gene Ucp4A, which is located one mega base (Mb) away (Table 3.2). Recombination markers 
on the second chromosome showed no association with increased testis’ -galactosidase 
activity in the tested males. On the third chromosome, increased activity was linked to the 
mutations in the genes CG42654 and Ipp, suggesting that the causative mutation is located in 
the region of these two genes. Interestingly, however, we could not see the same association 
pattern for our top candidate gene, CG31525 (Table 3.2). 
 
In INXS2, we found a relatively strong association between increased -galactosidase 
activity and the mutations in the top candidate genes CG1314 and CG31525, which had 
mutations in all males with high reporter gene expression (Table 3.2).  
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Table 3.2. Association between mutation markers in different genes and -galactosidase 




Gene3 N (Low)4 N (High)4 f (Low)5 f (High)5 





2.64 sgg 7 17 0.29 0.18 -0.11 0.874 
5.33 Mcm3 7 17 0.29 0.18 -0.11 0.874 
16.85 CG13003 23 34 0.39 0.68 0.29 0.032 
17.85 Ucp4A 24 27 0.33 0.78 0.44 1.6E-03 
2 
7.68 LRR 5 20 0.40 0.35 -0.05 0.770 
19.1 CG17344 1 5 1 0.40 -0.60 1 
20.1 Kua 5 20 0.40 0.40 0 0.699 
3 
4.43 CG31525 21 36 0.33 0.56 0.22 0.089 
13.96 Ipp 7 17 0.57 0.82 0.25 0.215 
19.95 CG42654 7 17 0.43 0.88 0.45 0.038 
INXS2 
X 4.43 CG31525 14 12 0.43 1 0.57 1.9E-03 
3 20.87 CG1314 13 20 0.46 1 0.54 4.0E-04 
1Chromosome containing the mutation marker to be tested; 2Chromosomal coordinate of the 
mutation markers; 4Total count of tested males showing “Low” (less than 2.750 mOD/min) 
and “High” (greater than 2.750 mOD/min) -galactosidase activity; 5Ratio of number of 
males with mutant allele to total number of tested males in each group;6Proportions of males 
carrying the mutation in both group were compared using Fisher’s Exact Test test. Cells with 
bold font indicate a significant difference in the proportions (p-value < 0.05). 
3.2.5 Functional tests of the CG13003, CG1314 and CG31525 candidate genes 
To test whether the candidate genes CG13003, CG1314 and CG31525 are responsible for the 
observed lack of X chromosome suppression in the male germline, we tried to knock down 
the expression of these genes using targeted RNAi with the UAS/Gal4 system (Figure 1.3). 
We tested promoters driving ubiquitous (Act5C) and germline Gal4 expression (Bam: late 
spermatogonia and early spermatocytes, Nanos: germline stem cell and spermatogonia, TJ: 
cyst stem cell and cyst cells) (White-Cooper, 2012; Yu et al., 2016).  
 
We performed a preliminary test of this approach for CG13003 gene by measuring -
galactosidase activity in testes of RNAi-CG13003/Gal4 males and control males with only 
Gal4 (Figure 3.23). We found increased expression of the reporter gene when the target gene 
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expression was knocked down with the Bam and TJ Gal4 promoters (Figure 3.23). However, 
the large variation in activity makes it difficult to draw clear conclusions about the effect of 
this gene knockdown. 
 
 
Figure 3.23. -galactosidase activity in testis of flies with RNAi-mediated CG13003 
knockdown. -galactosidase activity was measured in males carrying the Gal4 activator of 
UAS (RNAi-CG13003) with promoters specific for various stages of germline development 
(Bam, Nanos, TJ) and a promoter driving ubiquitous expression (Act5C). Males carrying only 
the Gal4 gene with the promoter of interest were used as a control. Points indicate the level of 
-galactosidase activity in one fly. Differences between the knockdown and control lines were 
tested using the Wilcoxon signed-rank test. *P < 0.05.  
Next, we used qRT-PCR to test if the expression of endogenous genes on the X 
chromosome was changed after each candidate gene’s knockdown. For RNAi-mediated 
knockdown of the CG13003 candidate gene, we measured the expression of two male-biased 
testis-specific genes (CG12689 and CG11068), which showed significant up-regulation of 
expression in the INXS 1/2 mutants (Figure 3.20). For knockdowns of the CG1314 and 
CG31525 candidate genes, we measured only CG11068 expression. We also tested RNAi 
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efficiency by measuring each candidate gene’s expression in male testis after the knockdown 
and comparing it with the control level (Table 3.3). 
 
To test the effect of CG13003 knockdown, we used the Bam and TJ Gal4 promoters. 
For both promoters, the X-linked genes showed no significant increase in expression (Table 
3.3). To test CG31525 gene silencing, we used Bam promoter and for the gene CG1314 
silencing, we used Bam and Act5C promoter. Both candidate target genes also showed no 
significant increase in X-linked gene expression (Table 3.3). At the same time, the 
knockdown of all three candidate genes using the Bam promoter resulted in a significant 
decrease in X-linked gene expression (Table 3.3). However, it is interesting that the 
ubiquitous expression of RNAi for CG13003 and CG31525 genes driven by the Act5C 
promoter resulted in a lethal male phenotype. The efficiency of RNAi knockdown was 
relatively high for the Bam promoter but only 20–26% for the TJ and Act5C promoters (Table 
3.3).  
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Table 3.3. Expression of the two endogenous X-linked genes in testes after RNAi-mediated 



















CG12689 0.90 1.32 0.62 0.095 
95 1.9E-08 
CG11068 0.81 1.14 0.57 0.025 
Tj 
CG12689 0.91 1.32 0.62 0.164 
26 0.051 
CG11068 0.86 1.55 0.48 0.145 
CG1314 
Bam CG12689 0.91 1.46 0.57 0.097 66 2.0E-04 
Act5c CG12689 0.93 1.79 0.48 0.242 20 0.012 
CG31525 Bam CG12689 0.72 1.05 0.5 0.012 98 6.1E-07 
1UAS-RNAi targeted at each of the candidate genes (RNAi-CG13003, RNAi-CG1314, RNAi-
CG31525); 2Gal4 promoters specific for various stages of germline development (Bam, TJ) 
and a promoter driving ubiquitous expression (Act5C). 3The expression of two endogenous X-
linked genes (CG12689 and CG11068) in male testes was measured using qRT-PCR. 4The 
fold-change of expression difference relative to the the X-linked control was calculated as 2^-
(ΔΔCt); As a control, the male offspring after the crosses of females carrying the Gal4 coding 
sequence linked to one of the promoters (Bam, TJ, Act5C) and males from the RNAi host 
strains (60100, 60000) were used. 595% confidence intervals. 6The significance of fold-
change for expression of the X-linked genes was tested using Welch’s two sample t-test; 
7RNAi knockdown efficiency was calculated as (1 - fold-change)*100; 8The significance of 
fold-change for expression of the RNAi target genes was tested using Welch’s two sample t-
test. 
Additionally, we tested male fertility for RNAi targeted to CG13003, CG1314, 
CG31525 for all promoters of Gal4 (Table B12). In the test of RNAi-CG13003, a significant 
increase in the proportion of sterile males was observed only for the Bam driver. The TJ and 
Nanos drivers showed only a small proportion of sterile males. In the test of RNAi-CG1314, 













A striking feature of living organisms is that they show a remarkable diversity of phenotypes 
between species, populations, individuals and sexes. However, a large proportion of this 
diversity is caused not by differences in gene composition between organisms but by the 
differential expression of shared genes. The X chromosome of D. melanogaster has a distinct 
evolutionary history from the autosomes and has acquired specific regulatory mechanisms 
acting exclusively in males, such as X chromosome-specific dose-compensation in somatic 
tissues and X suppression in the germline. This creates a unique environment for gene 
expression on the X chromosome, leading to an interplay of gene-specific and chromosome-
wide regulatory mechanisms. A good example of such interplay is the differential 
representation of sex-biased genes on the X chromosome, which differs from that on the 
autosomes in various tissues (Huylmans and Parsch, 2015).  
4.1 Effect of an exogenous reporter gene’s proximity to DCC binding sites on 
its expression in different sexes 
The first part of my thesis is devoted to X chromosome dosage compensation mediated by the 
DCC in somatic tissues of D. melanogaster males and its effect on sex-biased gene 
expression. We found a negative correlation between a reporter gene’s male-to-female 
expression ratio and its distance to the nearest DCC binding sites in all somatic tissues that we 
tested. Although the median values of the male-to-female expression ratio were similar in the 
brain and head case, there was greater positional effect variation in the brain, which may 
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contribute to the relative excess of X-linked sex-biased genes observed in this tissue. In 
contrast to somatic tissues, no significant effect of DCC binding sites on sex-biased reporter 
gene expression was found in the gonads, which include mainly germline cells, suggesting the 
absence of a functioning DCC. These results may provide the first evidence for a direct effect 
of DCC on sex-biased gene expression in all somatic tissues of Drosophila. 
4.1.1 Proximity to a DCC binding site is the main determent of sex-biased reporter 
gene expression in male somatic tissues 
We observed a negative correlation between the proximity of a reporter gene insertion to the 
DCC binding sites and its expression in males and the male-to-female expression ratio for 
head and carcass, which is consistent with dosage compensation affecting the expression of 
X-linked genes in males (Figure 3.6, 3.7A, B, A4A, Table B4) (Bachtrog et al., 2010; Chang et 
al., 2011; Huylmans and Parsch, 2015). The proximity effect was found for HAS and the 
binding sites of the individual DCC components (MLE, MSL2, MSL3), which increases the 
robustness of our results. It also confirms that the binding sites of different components of the 
complex are determinants of complex activity at a given locus (Straub et al., 2013). The effect 
of the proximity of the reporter gene to the DCC binding sites on its sex-biased expression in 
somatic tissues was also supported by testing the small set of insertions in homozygous 
females and hemizygous males (Figure 3.10B, A6). 
 
Our results for the carcass differ from those observed in a previous study of 
endogenous gene expression in gonadectomized flies (Parisi et al., 2003), where a positive 
correlation between male-biased expression and the distance to the nearest DCC binding site 
was observed (Parisi et al., 2003). That is, the relationship between DCC distance and male-
biased expression in the previous study was more similar to that seen in gonad than in somatic 
tissues. However, these expression data were from an early microarray study that detected 
only a few hundred sex-biased genes (Parisi et al., 2003), which may limit statistical power. 
Furthermore, the previous gonadectomized sample appears to have included residual gonadal 
transcripts, as the expression of several testis-specific genes was detected (Vensko and Stone, 
2014). It is likely that the presence of gonad tissue may have a strong influence on the 
expression pattern in the whole body, as the gonads are enriched with sex-biased genes, 
especially those with a very high degree of sex bias. Indeed, this is what has been reported for 
whole-fly expression data, where the sex-biased expression pattern was similar to that seen in 
the gonad (Huylmans and Parsch, 2015). Therefore, in contrast to previous studies, we found 
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no significant difference in the pattern of gene expression in relation to its proximity to a 
DCC binding site in the head and/or brain compared to the carcass (Figure 3.6, 3.7A, B, A4A, 
Table B4, B10), so we believe that the proximity to a DCC binding site has a similar effect on 
a gene expression in all somatic tissues. 
 
In the brain, we observed an increased level of expression variation among different 
insertions on the X chromosome (Figure 3.12). This may explain, at least partly, the strong 
enrichment of sex-biased genes, particularly male-biased genes, on the X chromosome 
compared to other tissues (Huylmans and Parsch, 2015; Khodursky et al., 2020). Because the 
sex-biased expression is calculated as the ratio of the expression measured independently in 
each sex, the variation will be amplified in the male/female ratio, leading to greater variation 
and more cases of sex-biased expression. 
 
We found no significant correlations when we examined insertions with all possible 
distances (i.e., without imposing a 50 kb cutoff) except in female carcass and head, where 
expression was negatively correlated with the distance to the nearest MSL3 binding site 
(Table B5). This supports the idea that the major effect of the DCC on expression might be 
limited to short-range contacts within 50 kb in the active nuclear compartments (Schauer et 
al., 2017). However, the chromatin’s spatial structure possibly facilitates long-range, 
interdomain DCC-chromatin interactions since HAS is more often located near the contact-
reach TADs boundaries (Ramírez et al., 2015; Schauer et al., 2017). Thus it can be expected 
that a reporter gene may be strongly affected by spatially close HASs due to chromosome 
folding, but there may be no correlation with linear distance along the chromosome. 
 
In females, we found no significant correlation between the reporter gene expression 
and its distance to the DCC binding sites in all tissues (Figure 3.7C, A4B, Table B4). This 
could be expected because the DCC does not assemble in females due to the suppression of 
MSL2 expression by SXL protein (Kelley et al., 1995). There was, however, a non-significant 
negative correlation for most DCC components in the female carcass, raising the possibility 
that these sites may also influence expression in females (Gallach and Betrán, 2016). The 
negative correlation in females may also be due to the tendency of DCC binding sites to be 
located in sites with active chromatin, where the chromatin environment itself can lead to the 
increased expression of genes (Ramírez et al., 2015). 
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4.1.2 No evidence for an effect of proximity to DCC binding sites on the reporter 
gene’s sex-biased expression in the gonads 
The pattern of reporter gene expression in the gonads was significantly different from that in 
somatic tissues. Firstly, the results of sex-biased expression in the gonads showed that the 
reporter genes had much higher expression in females than in males, which is consistent with 
the absence of dosage compensation in the male germline (Rastelli and Kuroda, 1998; 
Meiklejohn et al., 2011; Meiklejohn and Presgraves, 2012) and the general excess of female-
biased gene expression observed in the ovaries (Huylmans and Parsch, 2015).  
 
Secondly, there was no significant correlation between the male-to-female expression 
ratio and proximity to the DCC binding sites in gonads (Figure 3.6, 3.7, Table B4). The only 
exception was a negative correlation for HAS among homozygous and heterozygous females 
(Figure A8, Table B6). Interestingly, when looking at expression in males only, there was a 
weak negative correlation (Figure 3.7B, A4A, Table B4). This may be due to a small 
proportion of somatic cells in gonads, where dosage compensation may still occur. 
Furthermore, X chromosome-specific dosage compensation could also occur in somatic cells 
and certain types of germline cells in the testis, which may be mediated by an alternative 
dosage compensation mechanism utilising the DCC binding sites (Gupta et al., 2006; Hense et 
al., 2007; Witt et al., 2021). This is also supported by recent findings on dosage compensation 
in testes, where the somatic and early germ cell genes’ position within 10 kb of HAS was 
associated with higher expression compared to that of genes located further away (Witt et al., 
2021). Although previous studies of endogenous gene expression reported a positive 
correlation between male-biased expression and the distance to the nearest DCC binding site 
in the gonad, this was thought to be the result of selection to prevent interference between the 
dosage compensation machinery and the gene-specific regulation of testis-biased genes, 
which typically display strong tissue-specific regulation (Bachtrog et al., 2010; Huylmans and 
Parsch, 2015). Our results are consistent with this interpretation, as our reporter genes should 
not be affected by the sex- or tissue-specific regulation that affects the native D. melanogaster 
genes. 
4.1.3 Dosage compensation and sex-biased gene expression in different taxa  
We expect that the effects of dosage compensation on sex-biased gene expression reported 
here should be present only in taxa in which there is up-regulation of the hemizygous sex 
chromosome in the heterogametic sex. In mammals, where sex chromosome dosage 
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compensation occurs through inactivation of one of the X chromosomes in females, it is more 
likely that sex-biased expression will be influenced by variation in inactivation across the X 
chromosome, leading to female-biased expression of genes in regions that escape X-
inactivation (Carrel and Willard, 2005). In some female heterogametic taxa, such as birds, 
sex-biased expression is more likely to be influenced by an absence of dosage compensation 
in females, leading to widespread male-biased expression of Z-linked genes (Itoh et al., 2007; 
Ellegren et al., 2007). It has recently been reported that a female-heterogametic Lepidopteran 
with a neo-Z chromosome (Monarch butterfly) displays two distinct modes of sex 
chromosome dosage compensation (Gu et al., 2019): the ancestral Z is down-regulated in ZZ 
males in a manner similar to that seen for the X chromosome in Caenorhabditis elegans 
females, while the neo-Z is up-regulated in ZW females in a manner similar to that seen for 
the X chromosome in D. melanogaster males. The molecular mechanism responsible for neo-
Z chromosome up-regulation in Monarch females is not fully understood but, similar to 
Drosophila, it is associated with H4Ac16 (Gu et al., 2019). It is currently not known whether 
the degree of this up-regulation varies with Z-chromosomal location in a way analogous to 
that seen in D. melanogaster males. 
 
Overall, we observed a substantial variation in reporter gene expression in all tissues 
attributable to the unique chromatin environment of the individual insertions. Therefore, we 
tested assumptions that our reporter gene been influenced by different local regulatory factors. 
We found that the male-to-female expression ratio was positively correlated between different 
tissues, which suggests that tissue-independent factors affect the sex-biased expression of the 
reporter genes. Furthermore, the reporter gene expression showed little evidence of being 
influenced by local sex-specific regulatory elements associated with endogenous D. 
melanogaster genes (Figure 3.4). Also, we found no significant change in the effect of DCC 
proximity on the expression pattern of the reporter gene if it was flanked by G4s, suggesting 
that there is no effect of G4s on DCC spreading (Qian et al., 2019). However, in all tissues, 
we found a positive correlation between the reporter gene’s proximity to a nearby G4 location 
and its expression in females and males (Figure 3.9, Table B7). Our results support the 
putative regulatory role of G4 structures in gene transcription (Siddiqui-Jain et al., 2002; 
Hänsel-Hertsch et al., 2016; Chen et al., 2018; Makowski et al., 2018). Thus, by using the 
exogenous reporter gene, we were able to detect the major effect of DCC binding while 
avoiding the confounding factor of gene-specific regulation. 
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To compensate for individual differences between the insertions in our study, we 
generated many individual insertions on the X chromosome. For mobilisation genetic crosses, 
we took advantage of transposable P elements as part of a reporter gene construct, as P 
elements are known to have an insertion bias to euchromatin and genic regions (Bellen et al., 
2004). Thus, all reporter gene insertions we obtained are within 10 kb of the active genes, and 
a large proportion of them are located in genic regions. This increased the statistical power of 
our study, since DCC binding sites are known to be located in transcriptionally active parts of 
the chromatin and are located in active gene bodies (Alekseyenko et al., 2006; Gilfillan et al., 
2006; Straub et al., 2008; Schauer et al., 2017). Indeed, the 50 kb cutoff for the distance 
between an insertion and the nearest DCC binding sites included about 70 percent of all 
insertion locations (Figure 3.5). Thus, our results can be compared with the results obtained 
for endogenous sex-biased genes, most of which were located within 50 kb from the DCC 
binding sites (Huylmans and Parsch, 2015). 
 
It is worth noting some aspects of using the reporter gene with a CMV promoter in our 
study. Firstly, the reporter gene introduced to the X chromosome is not fully dosage 
compensated (Figure 3.10A), which has been reported previously for somatic tissues, 
suggesting that it does not experience the full effect of DCC upregulation (Laurie-Ahlberg 
and Stam, 1987; Parsch et al., 1997; Argyridou and Parsch, 2018). Moreover, most of the 
insertions showed female-biased expression in the head, supporting the moderate effect of 
DCC in this tissue (Figure 3.2). The reasons for this are unclear, and such a pattern was not 
observed in a previous study that used a smaller number of reporter gene insertions 
(Argyridou and Parsch, 2018). Secondly, the accuracy of our results could be affected by the 
very low levels of -galactosidase activity in testes, even though there are two copies of the 
reporter gene coding sequence in the construct. Nevertheless, it was above that of negative 
controls (non-transgenic flies), for which the mean activity was zero (Argyridou and Parsch, 
2018). Also, the absence of significant differences in the level of variation of -galactosidase 
activity between the testis and other tissues suggests that reporter gene expression can be 
measured reliably in this tissue (Figure A1). Thirdly, the use of a CMV promoter may have 
been advantageous, as it drives low expression in testis and probably is not subjected to the 
effect of the X suppression (Landeen et al., 2016; Argyridou and Parsch, 2018).  
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4.2 Genetic screening for genes involved in the X chromosome suppression 
In the second part of my thesis, we attempted to discover genes responsible for the 
chromosome-wide suppression of X-linked genes in the D. melanogaster male germline. 
Through chemical mutagenesis and genetic screening, we obtained two mutant lines, INXS1 
and INXS2, showing an increase in testis-specific reporter gene expression, general up-
regulation of X-linked gene expression in the male germline and male sterility, which may 
indicate a disruption of X chromosome suppression. In the genetic background of these 
mutant lines, we identified four genes with unknown functions on the X and third 
chromosomes potentially involved in the observed phenotype. Thus, we have successfully 
generated the first mutant lines defective in X suppression in the male germline and identified 
several X-linked and autosomal genes that may be involved in this mechanism. 
4.2.1 The INXS1 and INXS2 mutant lines show defects in X suppression 
We employed an EMS-based forward genetic screen to generate fly lines with random 
mutations that show an increase in the expression of an X-linked wol reporter gene. We were 
able to identify two independent lines with increased -galactosidase activity in the testis that 
we named INvolved in X Suppression: INXS1 and INXS2. Compared to the control, which was 
the original line with the X-linked reporter gene (wol20X) that was subjected to mutagenesis, 
we obtained a median increase in -galactosidase activity of 2.2-fold for INXS1 and 2.7-fold 
for INXS2 (Figure 3.14). For both mutants, -galactosidase activity in the upper quartile of all 
flies was similar to the expression in the autosomal line, suggesting a complete disruption of 
the X suppression.  
 
In a preliminary mapping of the chromosomal position of causative mutations in 
which we replaced different mutant chromosomes with wild-type chromosomes or balancers, 
we found that both INXS mutants show a decrease in the reporter gene expression without the 
mutant X chromosome (Figure 3.15). A similar pattern was observed when the second and 
third chromosomes were replaced, with an expression decrease in INXS1 and INXS2, and with 
an expression decrease in INXS2 when only the third chromosome was replaced. Thus, we can 
assume that the causative mutant alleles are on the X chromosome and possibly on the third. 
We could exclude the second chromosome from subsequent analysis, as it did not show any 
significant changes when replaced.  
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In almost all analyses, we observed a very high degree of variation in reporter gene 
expression in mutant males, which is particularly evident when all mutant chromosomes are 
present in the tested males (Figure 3.15). Also, in cases where the second and third 
chromosomes or only the third chromosome were replaced in INXS1, even when median 
expression decreased, a considerable proportion of samples still showed increased expression. 
This suggests segregation of causative mutant alleles in the mutant lines, which would be 
expected since both mutant lines have been maintained for multiple generations. Both INXS 
mutants may have experienced rare recombination events between balancer autosomes or the 
wild-type X chromosomes with mutant chromosomes (Miller et al., 2016), or possibly and 
spontaneous mutations (Alexander, 2015; Huang et al., 2016; Mérel et al., 2020), which could 
result in heterogeneous mutant and balancer chromosomes in individual replicate cultures due 
to genetic drift. This is supported by the low level of variation in the replacement of the 
mutant X chromosome, as the tested males were derived from two genetic crosses of several 
parental lines, which were most likely isogenic. Moreover, within each replicate culture, the 
phenotype of interest may have been lost in successive generations, something that was 
particularly pronounced for INXS1. Another possible reason for the high variation could be 
incomplete penetrance, i.e. a reduced frequency of the expression of a trait in the background 
of the determining genotype. Such variation in trait expression could be due to variation in the 
genetic background of the tested individuals and stochasticity in gene expression or chemical 
interactions of its expression products (Raj and van Oudenaarden, 2008; Koellner et al., 
2020). Also, in most cases, when a mutant chromosome was replaced, leading to a decrease in 
reporter gene expression, the median level was still higher than the X-linked control. For 
example, this is apparent when the X chromosome in INXS 1/2 or the third chromosome in 
INXS1 is replaced (Figure 3.15), which suggest some undetermined effect of the mutant 
background. 
 
We found 92% sterility in males of the INXS1 line and 91% for INXS2 with signs of 
defective spermatogenesis, whereas females retained full fertility. Microscopic examination of 
dissected testes showed that spermatogenesis, whose individual phases were distinct from the 
apical tip to the base of the testis, did not produce motile spermatozoa capable of transferring 
into the seminal vesicle. Morphologically, such testes were characterized by the reduced 
volume of the seminal vesicles lacking motile spermatozoa and an increased total volume of 
the testes almost along the entire length of the apical region (Figure 3.17). Presumably, both 
mutants have mutations affecting postmeiotic differentiation and elongation, with the germ 
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cells having gone through all early proliferation and meiosis but without forming mature 
motile spermatozoa (Castrillon et al., 1993). Mutations at this stage have been shown to be 
among the most common and result in male sterility and may be associated with the testes 
morphological traits we observed (Castrillon et al., 1993). Also, male sterility is often caused 
by mutations that disrupt chromosome segregation during meiosis I (McKee et al., 1998; 
Kanippayoor et al., 2020). Our results have shown that male sterility in both mutant lines is 
associated with the X chromosome. Although the X chromosome carries significantly fewer 
loci associated with male sterility and testis-specific expression genes (Parisi et al., 2003; 
Wakimoto et al., 2004), rearrangements of the X chromosome in about 75% of cases may lead 
to spermatogenesis disorders presumably as a result of improper chromosome segregation or 
defective chromosome-wide regulatory mechanisms, such as MSCI (Lifschytz and Lindsley, 
1972; Kennison, 1983; McKee et al., 1998). Thus, since sterile males showed higher levels of 
reporter gene expression, it is likely that both mutant lines have a relaxation of X suppression. 
However, the basis for this may be either EMS-induced mutations in the genes or spontaneous 
X chromosomal rearrangements. It is also possible that the mutations responsible for sterility 
are associated with X suppression only due to genetic linkage. 
 
We found an overall increase in the expression of endogenous genes on the X 
chromosome in the testis of the INXS1 mutant line compared to the X-linked control (Figure 
3.18). This expression pattern was significantly different from what was observed for the 
arms of the second and third chromosomes. When analysing genes with relatively high 
expression in testes on different chromosomes, we also found the highest total number of 
genes with increased expression and their highest proportion relative to genes with a 
decreased expression on the X chromosome compared to autosomes (Figure 3.19). This 
indicates that X suppression, which has been shown to have the greatest effect on genes that 
are highly expressed in testes, may be inactive (Landeen et al., 2016; Argyridou and Parsch, 
2018). In INXS2, a similar level of increased expression was found for six endogenous genes 
with testis-specific expression that showed up-regulation in INXS1 (Figure 3.20). A previous 
study of transpositions between the X chromosome and autosomes also showed increased 
expression for two of these genes when they are located on the X chromosome compared to 
the autosomal position (CG12689: 4-fold difference; CG3323: 5.6-fold difference) (Landeen 
et al., 2016). Since all six genes tested are spread out across the X chromosome (from the 
genomic position of 5.3 Mb to 18.9 Mb), it is likely that their increased expression is not the 
result of an X chromosomal-autosomal translocation, which was observed for one gene in a 
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previous study (Landeen et al., 2016). Thus, we propose that in INXS1 and INXS2, a similar 
pattern of general overexpression is the result of a disruption of X suppression. 
4.2.2 Identification of candidate mutant genes 
Through genome-wide re-sequencing analysis of INXS 1/2, we were able to identify the top 
candidate mutant alleles associated with increased expression of the reporter gene (Figure 
3.21, 3.22, Table B11). In INXS1, on the X chromosome, we found a 12-bp in-frame deletion 
in the coding region of CG13003. In INXS2, on the X chromosome, our top candidate gene 
was CG1314, which has a nonsynonymous mutation in the coding region. Interestingly, the 
CG1314 promoter was used previously in a reporter gene study, where it showed up-
regulation of expression when mobilised to the autosomes (Kemkemer et al., 2011). On the 
second chromosome, one candidate mutation was found in the gene CG17344 in INXS1. On 
the third chromosome for both INXS 1/2, we found a common candidate gene CG31525, 
which had different nonsynonymous mutations in the two mutants (including one that 
knocked out the start codon in INXS2). Also, in INXS2, we found another mutation in a start-
codon of the gene CG42654. All these genes have an unidentified function and, except for 
CG13003, have high testis-specific expression, making it possible for them to play a role in 
the X chromosome-specific regulatory mechanism in the testis. In addition to the top 
candidate genes listed above, we found mutations in other coding and non-coding regions, 
providing lower-priority candidates for further tests. 
 
Further, for candidate genes and several other genes, which we used as markers of 
recombination between chromosomes (sgg, Ucp4A, Mcm3, Kua, LRR, Ipp), association tests 
for the presence of each mutant allele and increased expression of the reporter gene were 
carried out. It is worth noting that in this association analysis, we were more interested in 
males with increased expression, as reduced expression could be the result of incomplete 
penetrance. We found a complete association for the CG13003 gene when testing INXS1 
males taken from the mutant stock, with only 3 of the 35 males tested showing the wild-type 
allele and low reporter gene expression (Table 3.2). However, when testing males from the 
additional crosses of the INXS1 line (with wol20X, wol5X and wol12X), we observed a 
complete absence of the mutat allele even in males with overexpression. This could be 
expected since, in these crosses, the X chromosome was inherited from wild-type flies. Thus, 
the above-mentioned association is probably due to a genetic linkage between the reporter 
gene and the mutant allele, located only approximately 170 kb apart. It is also possible that if 
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the observed phenotype is a polygenic trait, the incomplete association may be due to one or 
more other mutant genes that we missed from the analysis. A similar association level was 
observed for another mutation in the gene Ucp4A, which is about 1 Mb from CG13003 (Table 
3.2). For the gene Ucp4A, several mutant males were found with high reporter gene 
expression obtained after additional crosses with wol5X, indicating recombination has 
occurred in this region. Also, in INXS1, we found a relatively high level of association on the 
third chromosome for the genes CG42654 and Ipp. However, the top-candidate gene, 
CG31525, showed no significant association with increased expression (Table 3.2).  
 
Interestingly, for INXS2, the mutation in the gene CG31525 showed a complete 
association with high reporter gene expression, in contrast to the mutant allele of the same 
gene in INXS1 (Table 3.2). This may be explained by the mutation being in the start codon in 
INXS2 and presumably preventing protein production, whereas in INXS1, only a partial 
disruption of the product of this gene may have occurred. Moreover, we found that mutations 
in genes CG31525 and CG1314 were always found together in INXS2 males with increased 
expression (Table 3.2). So far, it is difficult to explain the association of these two mutations 
on the different chromosomes. However, it is possible that either they both contribute to the 
up-regulated expression or perhaps there was a translocation between the X and third 
chromosomes, causing these two genes to be linked. Interestingly, for CG31525, we detected 
recombination events between the mutant and balancer chromosomes, which are expected to 
be very rare events (Miller et al., 2016; Miller et al., 2019).  
 
In the final step of my study, we performed a functional test of the three top candidate 
genes (CG13003, CG1314, CG31525) using RNAi knockdown. We observed an increase in 
reporter gene expression in the testis for several samples when the gene CG13003 was 
knocked down using testis-specific Gal4 promoters (Figure 3.23). However, the level of up-
regulation was lower than in both mutant lines. We could not find any significant increase in 
the expression of endogenous X-linked genes with the RNAi knockdown of CG13003, 
CG1314, CG31525 in the early stages of gametogenesis using the Bam and TJ promoter, 
where the onset of X suppression is expected to occur (Meiklejohn et al., 2011) (Table 3.3). 
For the Act5C-mediated ubiquitous activation of RNAi transcription targeted to the gene 
CG1314, we also found no up-regulation of endogenous X-linked gene expression. 
Ubiquitous knockdown of the CG13003 and CG31525 genes resulted in a lethal male 
phenotype, which might be expected for CG13003, which has moderately high expression 
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outside the testes (Leader et al., 2018). It is possible that the complete knockdown of the 
target mRNA molecules is also lethal in males, in contrast to the mutant alleles of these genes, 
which in the case of the gene CG31525, was always heterozygous in all tested INXS males. In 
addition, we found partial sterility in males when the CG13003 gene was knocked down with 
the Bam promoter. However, several explanations for the lack of any effect of RNAi 
knockdown of the genes of interest are possible. Firstly, we do not know in which tissues or 
developmental stages the reduction in expression of these genes can lead to the phenotype of 
interest. Secondly, several genes may need to be simultaneously knocked out. Thirdly, for the 
Tj and Act5C promoters, we observed relatively low RNAi efficiency (Table 3.3). These 
issues will need to be addressed in future functional tests. 
 
Our approach utilized mutant males of the F2 and F3 generations, which was a rather 
time-consuming process and significantly reduced the number of tested flies compared to 
screening F1 males. However, this approach allowed us to avoid possible mutations that 
would not be passed on to the next generation as a result of DNA repair mechanisms in F1 
males and the genetic mosaicism (Nissani, 1977; Pastink et al., 1991; Ashburner, 2005). Our 
approach would also make it possible to identify both dominant and recessive mutations on 
autosomes for the majority of mutant lines, as most of the males tested had homozygous 
second or third autosomes. However, this also reduced the screening efficiency, as each line 
had to be tested in multiple replicates with different chromosomal combinations. 
Nevertheless, even screening of around 5000 mutant males allowed us to presumably 
mutagenize the entire genome effectively, as several genes in our analysis, such as the wol 
reporter gene and gene CG31525, were hit twice. Among the advantages of our screening was 
that we used the ocn promoter as part of the reporter gene construct, which has a high level of 
testis-specific expression and has previously been shown to have high sensitivity to the effects 
of X suppression (Hense et al., 2007). For the reporter strain we used, the expression level 
was 7-fold lower expression than that of autosomal insertions, which allowed us to detect 
even partial relaxation of the X suppression. 
 
One of the biggest challenges was detecting the mutations responsible for the observed 
phenotypes in both mutants. Thus, the first round of causative mutation mapping using 
genetic crosses did not allow us to narrow down the possible position of causative mutations 
on the chromosomes with certainty due to possible spontaneous recombination of mutant 
chromosomes and incomplete penetrance of causative mutations. Although mapping mutant 
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alleles using whole-genome a sequencing approach has previously been shown to be highly 
effective in EMS mutagenesis (Blumenstiel et al., 2009; Haelterman et al., 2014; Phadnis et 
al., 2015), additional time-consuming steps will be required to determine the association 
between candidate mutations and the mutant phenotype, as well as for functional tests to 
validate the candidate genes. 
4.3 Conclusions 
In the first part of my thesis, we studied the effect of proximity to DCC binding sites on 
reporter gene expression in various tissues of D. melanogaster males and females. In this new 
approach, using an exogenous reporter gene with ubiquitous expression inserted at many X-
chromosomal locations, we were able to avoid the confounding factor of gene-specific 
regulation that is common to studies of endogenous genes. Thus we could test the previously 
proposed model of the effect dosage compensation on sex-biased expression in somatic 
tissues (Bachtrog et al., 2010; Huylmans and Parsch, 2015). In particular, we examined 
whether genes located near DCC binding sites showed higher expression in males (and a 
higher male/female expression ratio) than those located far away. Our results suggest that this 
positive correlation is common for all somatic tissues, where X-chromosome dosage 
compensation is known to occur in males. Furthermore, the distance to a DCC binding site 
had a greater influence on reporter gene expression than local regulatory sequences affecting 
the native genes surrounding the insertion site. Although previous studies of the expression of 
endogenous genes reported a very strong positive correlation between male-biased expression 
and the distance to the nearest DCC binding site in the gonad (Huylmans and Parsch, 2015), 
we could not confirm these results by using the reporter gene, suggesting the absence of the 
X-chromosome-specific dosage compensation in this tissue.  
 
Our results are consistent with the idea that in somatic tissues, male-biased expression 
results from the simultaneous activity of gene-specific regulation and chromosome-wide DCC 
mediated regulation (Huylmans and Parsch, 2015). As it is possible that these two 
mechanisms could interfere with each other, the genes are distributed at different distances 
from the DCC binding sites, depending on the degree of sex-biased expression required for 
each particular gene. Thus, the head and/or brain do not appear to be unusual regarding the 
DCC effect. However, these tissues do appear to be unusual in that they show strong 
enrichment of sex-biased genes, particularly male-biased genes, on the X chromosome 
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compared to other tissues. Our results suggest this may be explained, at least partly, by an 
increased level of expression variation among regions of the X chromosome, which we 
observe in both sexes. 
 
It is likely that the effect of DCC distance on reporter gene expression occurs not only 
in a linear fashion but also in a highly complex 3D chromatin structure, which creates an 
opportunity for further studies. For example, the controlled relocation of the reporter gene 
relative to a specific DCC binding site and employing the latest techniques for studying 
chromatin structure, such as ATAC-seq, would make it possible to eliminate some of the 
random effects of the genomic environment on gene expression. Future studies could examine 
the effect of DCC binding and the evolution of sex-biased expression in more detail, 
including studying species with neo-X chromosomes that differ in dosage compensation from 
D. melanogaster.  
 
In the second part of my thesis, we performed a forward genetic screen to find genes 
responsible for the X suppression in the germline of D. melanogaster. We obtained two lines 
with EMS-induced mutations showing an increase in the X-linked testis-specific reporter gene 
expression: INXS1 and INXS2. Both lines showed an overall increase in expression of 
endogenous X-linked genes and male sterility with complete sperm immobility, which could 
indicate the lack of the X chromosome suppression in the male germline (Lifschytz and 
Lindsley, 1972; Argyridou and Parsch, 2018). For both candidate mutants, we found four top 
candidate genes carrying mutations in coding sequences that are situated on the X (CG13003, 
CG1314) and third chromosomes (CG31525, CG42654). By analyzing the association of up-
regulation and mutant alleles, we were able to show that the CG13003 and CG42654 genes 
may be responsible for the observed phenotype in INXS1. Since the association was equally 
high for the CG1314 and CG31525 genes in INXS2, the possibility of X–autosomal 
translocation cannot be excluded, which could also disrupt a general X-chromosomal 
regulatory mechanism, as it was proposed for MSCI (Lifschytz and Lindsley, 1972). Since 
among all of the candidate genes found, only CG31525 was common for both INXS mutants, 
but there was an association between the mutation in this gene and increased expression only 
in INXS2, it can be assumed that several genes are involved in X suppression. Functional 
analysis of CG13003, CG1314 and CG31525 by targeted RNAi knockdown, however, 
showed no effect on the expression level of X-linked genes, suggesting that additional 
functional testing and/or the consideration of further candidate genes is necessary. 
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Several further tests could be considered to identify the genes responsible for the 
observed phenotype in both INXS mutants. First, using a long-read sequencing approach and 
polytene (or mitotic) chromosome imaging might help to identify the presence of any 
rearrangements between the X chromosome and autosomes in the INXS lines. Secondly, the 
rough mapping of causative mutations using the polymorphic marker chromosome method 
(Martin et al., 2001) or SNP mapping (Chen et al., 2008) could be continued, as it is more 
efficient and cost-effective than whole-genome sequencing. Thirdly, functional analysis of 
candidate genes should be continued, possibly using lines carrying knockout mutations or 
using additional tissue-specific promoters for RNAi, including simultaneous gene knockouts 




















Figure A1. Variation of -galactosidase activity among biological replicates in different 
sexes and tissues. Black dots represent 13 combined CMV-lacZ insertions, and grey dots 
represent 70 unique insertions. Dashed lines indicate the mean level of variation for 13 
combined insertions (black) and 70 unique insertions (grey). In all plots, variation is in units 
of standard deviation divided by the mean.  
 
 




Figure A2. Non-standardized -galactosidase activity in different sexes and tissues. For each 
tissue, differences between the sexes were tested using a paired t-test.   ***P < 0.001. 
 
Figure A3. Total protein in different sexes and tissues for flies carrying an X-linked copy of 
the CMV-lacZ reporter gene. For each tissue, differences between the sexes were tested using 
a paired t-test. ***P < 0.001. 





Figure A4. Reporter gene expression and distance to the nearest DCC binding site in different 
tissues. Reporter gene expression was measured in (A) males and (B) females. The binding 
sites of different DCC components are shown in columns. Coloured lines represent the least-
squares linear regression. Dots represent the individual CMV-lacZ reporter gene insertions. *P 
< 0.05.  




Figure A5. Male-to-female expression ratio (M/F) of CMV-lacZ reporter genes grouped by 
their location relative to G4 sites. “Blocked” indicates the reporter gene flanked only by G4s, 
“open” indicates the reporter gene flanked by at least one DCC binding site. Differences 
between tissues were tested with a Wilcoxon signed-rank test. 
 
Figure A6. Male-to-female expression ratio (M/F) of CMV-lacZ reporter genes in different 
tissues for homozygous females and hemizygous males. Insertions are grouped by their 
proximity to the nearest (A) MLE, (B) MSL2, or (C) MSL3 binding sites. Differences 
between the groups were tested with a Wilcoxon signed-rank test. *P < 0.05, **P < 0.01. 




Figure A7. Male-to-female expression ratio of each reporter gene and the endogenous gene in 
which it is located for the groups of the dosages of the reporter gene (heterozygous and 
homozygous females) in different tissues. Lines represent the least-squares linear regression. 
Dots represent the individual CMV-lacZ insertions. Colour indicates the source of data on the 
reporter gene sex-biased expression; heterozygous females and hemizygous males (red); 
homozygous females and hemizygous males (blue). 




Figure A8. Male-to-female expression ratio of each reporter gene and distance to the nearest 
DCC binding sites for the groups of the dosages of the reporter gene (heterozygous and 
homozygous females) in different tissues. Binding sites of different components of the DCC 
are represented in rows. Lines represent the least-squares linear regression. Dots represent the 
individual CMV-lacZ insertions. Colour indicates the source of data on the reporter gene sex-
biased expression; heterozygous females and hemizygous males (red), homozygous females, 
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Table B1. DNA oligonucleotides sequence used as primers for PCR assays 
Primer name1 Target Sequence 5’->3’ Analysis 
Restriction 
enzyme2 
Plac1.F pP[wFl] CACCCAAGGCTCTGCTCCCACAAT iPCR - 
Plac4.R pP[wFl] ACTGTGCGTTAGGTCCTGTTCATTGTT iPCR - 




EY.3.R pP[wFl] ACAATCATATCGCTGTCTCAC iPCR - 
























CG13003.F CG13003 CTCGAACCGAACGGGCCGCT PCR - 
CG13003.R.Ref CG13003 GGTGATTCCATTGTACTTGGG PCR - 
CG13003.R.Mut CG13003 GGTGATTCCATTATACGACGT PCR - 
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Table B1 continued. 
Primer name1 Target Sequence 5’->3’ Analysis 
Restriction 
enzyme 




























CG13003.F3 CG13003 CTACACGCAGAGTACGAGGC qRT-PCR - 
CG13003.R3 CG13003 CAAAGTCGGGGGCCTGGAAT qRT-PCR - 
CG12689.F CG12689 AACACTAGTTTTAGCTCACACAAAA qRT-PCR - 
CG12689.R CG12689 CATTCTTGCCTGACTCGAAATCC qRT-PCR - 
CG3323.F CG3323 CCTGCCCACCGTTAACAAC qRT-PCR - 
CG3323.R CG3323 TGCTTAGGAACAACGGAGGG qRT-PCR - 
CG15306.F CG15306 TCCTGTACAACTTTCTTTGGCTTG qRT-PCR - 
CG15306.R CG15306 GAGAATATCGCCACGGGACC qRT-PCR - 
CG15892.F CG15892 AAGGTAAAGCCCTACGACGTG qRT-PCR - 
CG15892.R CG15892 CTGCTTGCGCTTCAGGAAAT qRT-PCR - 
CG11068.F CG11068 TGGAACGAGCGGCATTAACTT qRT-PCR - 
CG11068.R CG11068 CTGCGTGACGTTGCGAATC qRT-PCR - 
CG7349.F CG7349 TGGGTCATTGATTCCAGGGAC qRT-PCR - 
CG7349.R CG7349 TAGCCGGATTGAGGTGCTTG qRT-PCR - 
CG1314.F CG1314 TTGATGCCCGATCACCGTAG qRT-PCR - 
CG1314.R CG1314 GAAGCGGAAATGGCTTCTGC qRT-PCR - 
CG31525.F CG31525 AAAGAAGGCTTTTGACGCGG qRT-PCR - 
CG31525.R CG31525 TTTGGACATCAATGGCACGC qRT-PCR - 
RpL32.F RpL32 AGCATACAGGCCCAAGATCG qRT-PCR - 
RpL32.R RpL32 TGTTGTCGATACCCTCGGGC qRT-PCR - 
1Forward (F) and reverse (R) PCR primers. 2Restriction enzymes used to separate PCR 
product sequences between mutants and control genotypes. 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 
X83 1A1 175992 5’ UTR/intron tyn - - 
X210 1C2 687009 5’ UTR sdk - - 

















X82 1Е1 1063522 intergenic - - CG3655 














X213 1Е5 1234390 intron CG3638 - 
CG11403, 
Atf3 

















X188 2D5 2158967 5’ UTR wapl bcn92 
Cyp4d1, 
CG3630 
X53 2F5 2317609 intron Raf - - 
X192 3D3 3449374 intergenic - CG12535 CG16782 
X20 3D3 3451351 intergenic - CG12535 - 
X45 3D3 3451429 intergenic - CG12535 
CG16782, 
CG10801 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 


























X186 5C7 5901698 intron Act5C - 
CG12236, 
CG4020 
X226 5C7 5901776 intron Act5C - 
CG12236, 
CG4020 








X221 5D1 5988734 intergenic - - 
CG5966, 
CG4766 














X207 6Е2 6868129 intron CG43736 CG14434 - 
X21 6Е4 6968661 





X2 6Е4 6998549 intergenic - Inx7, ogre Inx2 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 




X26 7D5 8057219 intron fs(1)h - mys 
X182 7D17 8176963 5’ UTR/intron slpr CG2278 sdt 
X197 7D18 8193003 intron sdt - - 










X94 8C4 9042594 intron Nost - - 
X202 8C4 9047984 intron Nost - CG15365 




X174 8C13 9134501 5’ UTR fend - CG7065 
X148 8C13 9134915 5’ UTR fend - CG7065 
X191 8C13 9135026 5’ UTR fend - CG7065 
X196 8C13 9135037 5’ UTR fend - CG7065 
X220 8F5 9651090 intron Ptpmeg2 - CG3106 




X1 9B6 10318800 intron alpha-Man-I - CG2909 















  B. Supplemental Tables 
100 
 





Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 






X23 10C5 11558520 5’ UTR/intron CG1572 Drak 
PGRP-SA, 
RpII215 








































X170 11B1 12575595 intron Pits hwt LIMK1 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 




X5 12F4 14826069 5’ UTR rut - 
CG14408, 
CG14411 
X145 12F4 14826071 5’ UTR rut - 
CG14408, 
CG14411 
X225 12F4 14826071 5’ UTR rut - 
CG14408, 
CG14411 























X245 14A7 16068555 intron dpr18 CG12395 
Nipsnap, 
Tob 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 


















X247 16C5 17738674 5’ UTR/intron raskol - - 









X244 18A4 19154997 5’ UTR/intron RhoGAP18B - - 






X216 18B7 19262659 intron Vav rictor CG8010 
X201 18C1 19298145 5’ UTR CG8034 - CG8051 
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Coordinate2 Location3 Affected gene4 Proximal gene5 Distal gene5 













X171 19A2 19887117 exon, intron amn, Hers - - 
X28 18F4 19887117 exon, intron amn, Hers - - 
X224 19A2 19887128 exon, intron amn, Hers - - 
X104 18F4 19887264 exon, intron amn, Hers - - 
X234 19A2 19887348 exon, intron amn, Hers - - 
X219 19D2 20489108 intron RhoGAP19D CG15461 - 












1Cytological band; 2Genomic position of the insertion; 3Type of genomic location (Slash 
indicates the location of insertion within alternatively transcribed units of the same gene); 
4Gene overlapping with the insertion; 5Gene located within 10 kb of the insertion. 
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Table B3. Reporter gene expression in different tissues for the whole body dissection. 
Line ID 
Female1 Male1 
Carcass Head Gonad Carcass Head Gonad 
X83 13.548 26.072 1.622 16.573 14.360 1.053 
X210 12.557 10.289 1.184 13.701 7.357 0.409 
X194 8.019 11.118 0.436 8.702 8.489 0.537 
X232 8.226 10.377 1.033 13.476 8.423 0.836 
X82 6.401 7.041 0.670 5.442 5.710 0.292 
X54 12.349 19.318 1.623 12.958 18.082 0.538 
X29 14.665 15.941 1.425 11.087 10.117 0.465 
X213 7.852 10.452 0.620 11.572 7.512 0.589 
X8 11.795 16.853 1.217 13.807 11.304 0.930 
X157 15.335 13.843 0.974 12.530 10.167 0.377 
X188 6.871 10.881 0.728 9.478 6.120 0.505 
X53 11.059 10.722 0.996 12.465 13.368 0.547 
X192 8.814 22.298 0.718 16.661 18.080 0.600 
X20 9.521 16.855 0.710 14.387 8.786 0.495 
X45 14.816 24.137 1.053 23.907 15.802 0.446 
X15 13.268 17.269 1.385 15.124 11.681 0.939 
X60 12.174 20.844 1.466 18.448 17.700 0.669 
X187 10.528 13.996 1.118 9.966 6.908 0.360 
X199 13.562 23.778 1.581 15.735 17.169 1.342 
X178 7.019 11.390 0.812 10.131 6.078 0.502 
X186 10.317 12.635 1.163 17.651 9.497 1.078 
X226 10.941 16.051 1.502 22.984 8.365 0.935 
X98 11.986 17.710 0.593 12.371 19.173 0.420 
X180 6.410 8.396 0.528 6.950 7.627 0.442 
X221 12.516 17.409 0.978 14.692 14.320 0.905 
X68 15.405 19.158 1.055 13.730 12.204 0.350 
X151 15.678 21.916 3.167 29.189 15.546 1.222 
X34 13.249 15.160 0.675 10.129 6.870 0.364 
X207 8.388 9.629 1.060 11.803 5.871 0.573 
X21 10.308 19.562 1.035 12.443 11.069 0.719 
X2 16.445 19.152 1.512 20.315 15.028 1.051 
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Table B3 continued 
Line ID 
Female1 Male1 
Carcass Head Gonad Carcass Head Gonad 
X195 8.682 12.282 0.948 13.858 9.938 0.684 
X26 11.127 17.954 1.011 26.225 16.545 1.041 
X182 11.083 16.867 0.930 11.676 8.718 0.667 
X197 14.849 17.591 1.850 10.517 10.228 0.637 
X222 12.009 14.927 0.918 13.559 11.635 0.842 
X11 14.062 22.917 2.531 21.450 17.817 0.910 
X94 27.246 36.462 2.152 20.346 14.804 1.372 
X202 15.886 23.917 3.829 22.008 14.136 0.959 
X212 9.102 15.755 1.046 8.020 7.682 0.455 
X174 11.707 17.004 1.084 13.158 12.285 0.522 
X148 9.693 11.196 1.035 9.029 6.018 0.249 
X191 10.498 24.585 1.109 9.784 17.607 0.820 
X196 8.014 14.784 0.694 8.769 13.365 0.639 
X220 20.338 33.626 2.569 31.056 25.886 1.858 
X65 9.797 13.047 1.389 8.212 7.492 0.491 
X1 11.408 19.247 1.139 17.544 11.899 0.996 
X209 13.872 18.586 1.314 16.518 9.397 1.043 
X231 7.276 7.339 0.848 8.047 6.329 0.326 
X35 14.300 24.413 1.215 20.365 19.898 1.075 
X214 14.497 22.215 1.102 19.734 16.042 1.064 
X23 15.518 42.130 1.284 20.826 29.921 0.660 
X179 22.353 31.968 2.398 15.769 15.735 0.827 
X59 9.093 13.688 1.194 13.345 10.999 0.754 
X106 23.854 39.778 4.843 31.716 25.794 1.110 
X215 6.878 9.844 1.184 8.582 9.685 0.230 
X193 8.297 18.015 0.677 12.783 13.651 1.210 
X185 13.741 17.704 1.666 17.914 9.522 0.907 
X170 5.616 14.010 0.436 11.639 9.788 0.298 
X22 14.685 24.234 1.972 18.903 15.583 1.269 
X223 13.303 58.961 1.817 13.178 30.213 0.464 
X25 8.542 10.875 0.927 10.838 9.279 0.490 
X238 10.316 9.519 0.753 9.225 6.187 0.471 
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Table B3 continued 
Line ID 
Female1 Male1 
Carcass Head Gonad Carcass Head Gonad 
X145 12.716 22.604 1.458 27.439 15.704 0.697 
X225 13.253 31.653 0.818 10.859 19.726 1.277 
X9 16.860 19.489 1.501 29.358 21.485 0.733 
X169 9.404 14.021 0.766 11.294 12.034 0.220 
X205 34.054 47.229 3.190 31.081 58.236 2.330 
X239 7.972 10.576 1.135 7.510 6.825 0.812 
X245 5.187 5.359 0.692 5.934 4.472 0.183 
X177 11.538 13.363 0.951 24.424 15.134 0.586 
X183 16.696 24.551 1.196 18.946 14.266 1.206 
X200 11.671 16.971 1.189 14.871 11.920 0.787 
X173 8.565 18.646 0.588 11.963 10.961 0.460 
X181 7.625 8.974 0.883 9.787 5.439 0.338 
X62 21.722 23.947 2.101 22.217 9.186 2.647 
X64 11.221 23.422 1.631 9.634 11.525 0.681 
X105 9.883 11.193 1.317 9.399 8.838 0.572 
X247 14.598 17.338 1.341 15.471 10.168 0.584 
X233 6.744 7.220 0.658 6.379 4.329 0.319 
X116 7.050 13.548 0.805 7.927 8.453 0.231 
X244 12.262 12.436 1.933 13.135 12.641 0.871 
X228 6.406 12.244 0.592 6.806 6.327 0.339 
X216 12.643 20.502 0.944 18.972 18.698 1.063 
X201 5.466 8.673 0.478 8.163 4.953 0.379 
X218 10.508 17.409 0.718 9.095 13.025 0.407 
X131 14.704 33.321 1.950 19.445 16.252 0.680 
X198 13.321 22.288 1.974 17.599 16.260 0.740 
X189 8.042 16.061 0.964 12.989 12.096 0.591 
X227 10.944 19.243 0.822 9.461 10.494 0.541 
X118 14.615 26.841 0.927 16.208 20.507 0.967 
X236 9.137 15.012 1.400 10.488 11.007 0.666 
X171 7.263 12.099 0.812 8.767 6.566 0.530 
X28 10.726 19.336 1.021 11.657 16.205 0.765 
X224 7.245 6.795 1.366 4.647 4.072 0.272 
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Table B3 continued 
Line ID 
Female1 Male1 
Carcass Head Gonad Carcass Head Gonad 
X234 6.870 12.717 0.860 8.236 7.969 0.377 
X219 16.686 22.836 1.798 20.564 23.294 1.832 
X190 6.315 13.226 0.610 6.046 7.359 0.735 
X24 16.003 26.035 1.674 12.600 19.839 0.732 
1Normalized β-galactosidase activity (units/mg). 
Table B4. Relationship between the expression of the CMV-lacZ reporter gene in males, 
females, male-to-female expression ratio, and proximity to the nearest DCC binding sites for 





Spearman’s correlation5 Linear regression5 
Rho P-value1 R2 P-value1 
Male/Female 
Carcass 
HAS -0.243 0.033 0.062 0.030 
MLЕ -0.270 0.016 0.082 0.011 
MSL2 -0.227 0.048 0.060 0.035 
MSL3 -0.205 0.051 0.063 0.022 
Head 
HAS -0.268 0.021 0.045 0.056 
MLЕ -0.174 0.084 0.024 0.112 
MSL2 -0.382 0.002 0.097 0.010 
MSL3 -0.193 0.062 0.018 0.145 
Gonad 
HAS 0.028 0.582 4.9E-03 0.700 
MLЕ 0.077 0.728 7.7E-03 0.755 
MSL2 -0.018 0.448 1.1E-04 0.530 
MSL3 0.017 0.553 1.7E-03 0.628 
Female 
Carcass 
HAS -0.079 0.278 0.013 0.200 
MLЕ -0.098 0.220 0.018 0.148 
MSL2 -4.2E-03 0.488 2.2E-03 0.366 
MSL3 -0.171 0.087 0.040 0.056 
Head 
HAS 0.059 0.671 5.7E-04 0.571 
MLЕ 7.3E-04 0.502 9.1E-03 0.226 
MSL2 0.071 0.698 7.6E-03 0.737 
MSL3 -0.062 0.311 0.030 0.083 
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Spearman’s correlation5 Linear regression5 
Rho P-value1 R2 P-value1 
Female Gonad 
HAS -0.024 0.428 0.014 0.187 
MLЕ -0.090 0.240 0.024 0.110 
MSL2 0.005 0.516 5.2E-03 0.301 
MSL3 -0.010 0.467 0.013 0.183 
Male 
Carcass 
HAS -0.196 0.070 0.046 0.052 
MLЕ -0.224 0.037 0.051 0.036 
MSL2 -0.127 0.178 0.026 0.119 
MSL3 -0.273 0.014 0.077 0.013 
Head 
HAS -0.113 0.198 0.003 0.342 
MLЕ -0.135 0.143 0.017 0.154 
MSL2 -0.126 0.178 6.7E-03 0.276 
MSL3 -0.182 0.073 0.045 0.044 
Gonad 
HAS -0.070 0.299 1.7E-03 0.378 
MLЕ -0.071 0.288 2.9E-03 0.336 
MSL2 -0.052 0.354 1.7E-03 0.382 
MSL3 -0.042 0.368 2.4E-03 0.350 
1Cells with bold font indicate significant correlations (P<0.05); 2Male-to-female reporter gene 
expression ratio, expression in females and males; 3Target tissue; 4The nearest HAS and the 
components of the DCC; 5Spearman’s correlation and linear regression for the expression of 
the CMV-lacZ reporter gene in males, females, male-to-female expression ratio, and 
proximity to the nearest DCC binding sites. 
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Table B5. Relationship between the expression of the CMV-lacZ reporter gene in males, 
females, male-to-female expression ratio, and proximity to the nearest DCC binding sites for 
the whole body dissection, for the whole body dissection without 50kb cutoff for the 




Spearman’s correlation5 Linear regression5 
Rho P-value1 R2 P-value1 
Male/Female 
Carcass 
HAS 0.113 0.847 0.027 0.929 
MLЕ -0.007 0.476 8.1E-03 0.790 
MSL2 0.107 0.832 0.022 0.908 
MSL3 0.074 0.747 0.027 0.933 
Head 
HAS -0.052 0.320 4.4E-05 0.476 
MLЕ 0.053 0.682 0.022 0.907 
MSL2 -0.081 0.233 5.3E-06 0.508 
MSL3 0.016 0.556 0.012 0.835 
Gonad 
HAS -0.021 0.426 8.6E-04 0.604 
MLЕ 7.1E-03 0.526 1.2E-05 0.513 
MSL2 -0.022 0.421 3.8E-03 0.711 
MSL3 -0.010 0.464 3.3E-04 0.435 
Female 
Carcass 
HAS -0.054 0.315 0.010 0.184 
MLЕ -0.066 0.276 0.018 0.115 
MSL2 -0.023 0.419 0.006 0.237 
MSL3 -0.143 0.098 0.037 0.042 
Head 
HAS 0.041 0.645 2.1E-03 0.341 
MLЕ -0.004 0.486 0.016 0.125 
MSL2 0.030 0.608 2.2E-03 0.338 
MSL3 -0.069 0.269 0.036 0.043 
Gonad 
HAS -0.054 0.313 5.6E-03 0.250 
MLЕ -0.145 0.095 0.025 0.079 
MSL2 -0.043 0.348 4.7E-03 0.268 
MSL3 -0.130 0.120 0.027 0.068 
Male 
Carcass 
HAS -0.034 0.380 9.4E-04 0.608 
MLЕ -0.116 0.148 3.7E-04 0.431 
MSL2 -0.010 0.465 1.4E-03 0.630 
MSL3 -0.134 0.114 0.001 0.388 
Head 
HAS 4.1E-03 0.515 1.3E-03 0.372 
MLЕ -0.010 0.466 8.5E-04 0.397 
MSL2 -0.015 0.447 0.002 0.359 
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Spearman’s correlation5 Linear regression5 
Rho P-value1 R2 P-value1 
Male Gonad 
HAS -0.042 0.352 4.9E-04 0.421 
MLЕ -0.103 0.176 0.006 0.241 
MSL2 -0.035 0.377 4.2E-07 0.502 
MSL3 -0.090 0.209 0.013 0.157 
1Cells with bold font indicate significant correlations (P<0.05); 2Male-to-female reporter gene 
expression ratio, expression in females and males; 3Target tissue; 4The nearest HAS and the 
components of the DCC; 5Spearman’s correlation and linear regression for the expression of 
the CMV-lacZ reporter gene in males, females, male-to-female expression ratio, and 
proximity to the nearest DCC binding sites. 
Table B6. Relation between Log2(Male/Female expression) of the reporter gene, 
Log2(Male/Female expression) of endogenous genes and the distance to the nearest DCC 
binding sites for the groups of homozygous and heterozygous females. 
Dependent 
variable1 






gene in carcass 
1: Log2(M/F) of endogenous genes 
in carcass 
1, 38 1.553 0.22 
2: Distance to HAS2 1, 38 1.219 0.138 
1 × 2 interaction 1, 38 1.0E-04 0.993 
1: Log2(M/F) of endogenous genes 
in carcass 
1, 41 1.672 0.203 
2: Distance to MLE binding sites 1, 41 3.917 0.027 
1 × 2 interaction 1, 41 0.013 0.909 
1: Log2(M/F) of endogenous genes 
in carcass 
1, 37 1.822 0.185 
2: Distance to MSL2 binding sites2 1, 37 3.148 0.042 
1 × 2 interaction 1, 37 0.003 0.955 
1: Log2(M/F) of endogenous genes 
in carcass 
1, 43 0.404 0.528 
2: Distance to MSL3 binding sites2 1, 43 1.233 1.137 
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Table B6 continued 
Dependent 
variable1 






gene in head 
1: Log2(M/F) of endogenous genes in 
head 
1, 39 0.191 0.664 
2: Distance to HAS2 1, 39 3.624 0.032 
1 × 2 interaction 1, 39 1.1E-04 0.974 
1: Log2(M/F) of endogenous genes in 
head 
1, 43 0.623 0.434 
2: Distance to MLE binding sites2 1, 43 1.697 0.1 
1 × 2 interaction 1, 43 0.51 0.479 
1: Log2(M/F) of endogenous genes in 
head 
1, 38 0.632 0.432 
2: Distance to MSL2 binding sites2 1, 38 7.295 0.005 
1 × 2 interaction 1, 38 0.432 0.515 
1: Log2(M/F) of endogenous genes in 
head 
1, 44 0.487 0.489 
2: Distance to MSL3 binding sites2 1, 44 1.378 0.123 
1 × 2 interaction 1, 44 0.071 0.792 
Log2(M/F) of 
the reporter 
gene in gonad 
1: Log2(M/F) of endogenous genes in 
gonad 
1, 39 0.453 0.505 
2: Distance to HAS2 1, 39 3.066 0.456 
1 × 2 interaction 1, 39 0.608 0.44 
1: Log2(M/F) of endogenous genes in 
gonad 
1, 42 0.465 0.499 
2: Distance to MLE binding sites2 1, 42 1.388 0.377 
1 × 2 interaction 1, 42 0.317 0.577 
1: Log2(M/F) of endogenous genes in 
gonad 
1, 38 0.529 0.500 
2: Distance to MSL2 binding sites2 1, 38 1.494 0.385 
1 × 2 interaction 1, 38 0.529 0.472 
1: Log2(M/F) of endogenous genes in 
gonad 
1, 44 1.118 0.296 
2: Distance to MSL3 binding sites2 1, 44 0.931 0.33 
1 × 2 interaction 1, 44 0.165 0.687 
Log2(M/F) of 
the reporter 
gene in carcass 
1: Distance to HAS (bp) 1, 26 4.591 0.021 
2: Dosage of the reporter gene4 1, 26 34.04 3.8E-06 
1 × 2 interaction 1, 26 0.011 0.918 
1: Distance to MLE (bp) 1, 26 3.888 0.03 
2: Dosage of the reporter gene4 1, 26 33.381 4.4E-06 
1 × 2 interaction 1, 26 0.121 0.731 
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Table B6 continued 
Dependent 
variable1 






gene in carcass 
1: Distance to MSL2 (bp) 1, 24 3.478 0.037 
2: Dosage of the reporter gene4 1, 24 30.199 1.2E-05 
1 × 2 interaction 1, 24 0.016 0.9 
1: Distance to MSL3 (bp) 1, 26 1.508 0.115 
2: Dosage of the reporter gene4 1, 26 30.794 7.9E-06 
1 × 2 interaction 1, 26 0.175 0.679 
Log2(M/F) of 
the reporter 
gene in head 
1: Distance to HAS (bp) 1, 26 15.561 2.7E-04 
2: Dosage of the reporter gene4 1, 26 52.423 1.1E-07 
1 × 2 interaction 1, 26 0.287 0.597 
1: Distance to MLE (bp) 1, 26 19.112 9.0E-05 
2: Dosage of the reporter gene4 1, 26 56.721 5.4E-08 
1 × 2 interaction 1, 26 0.167 0.686 
1: Distance to MSL2 (bp) 1, 24 15.536 3.1E-04 
2: Dosage of the reporter gene4 1, 24 44.161 7.1E-07 
1 × 2 interaction 1, 24 0.042 0.839 
1: Distance to MSL3 (bp) 1, 26 9.181 2.7E-03 
2: Dosage of the reporter gene4 1, 26 44.228 4.7E-07 
1 × 2 interaction 1, 26 0.125 0.727 
Log2(M/F) of 
the reporter 
gene in gonad 
1: Distance to HAS (bp) 1, 26 3.012 0.047 
2: Dosage of the reporter gene4 1, 26 16.862 3.5E-04 
1 × 2 interaction 1, 26 0.001 0.975 
1: Distance to MLE (bp) 1, 26 2.095 0.08 
2: Dosage of the reporter gene4 1, 26 16.444 4.1E-04 
1 × 2 interaction 1, 26 0.200 0.659 
1: Distance to MSL2 (bp) 1, 24 1.777 0.098 
Dosage of the reporter gene4 1, 24 18.450 2.5E-04 
1 × 2 interaction 1, 24 0.014 0.908 
1: Distance to MSL3 (bp) 1, 26 1.381 0.125 
2: Dosage of the reporter gene4 1, 26 15.953 4.8E-04 
1 × 2 interaction 1, 26 0.067 0.797 
Log2(M/F) of 
the reporter 
gene in carcass 
1: Log2(M/F) of endogenous genes 
in carcass 
1, 20 4.674 0.043 
2: Dosage of the reporter gene4 1, 20 28.534 3.2E-05 
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Table B6 continued 
Dependent 
variable1 






gene in head 
1: Log2(M/F) of endogenous genes in 
head 
1, 18 2.130 0.162 
2: Dosage of the reporter gene4 1, 18 19.501 3.3E-04 
1 × 2 interaction 1, 18 0.064 0.803 
Log2(M/F) of 
the reporter 
gene in gonad 
1: Log2(M/F) of endogenous genes in 
gonad 
1, 20 0.406 0.531 
2: Dosage of the reporter gene4 1, 20 16.815 1.0E-03 
1 × 2 interaction 1, 20 0.682 0.419 
1Male-to-female reporter gene expression ratio measures as Log2(Male/female -
galactosidase activity) 2The groups of distances to the nearest DCC binding sites: “close” (0–
25 kb), “distant” (25–50 kb); 3“1” – Covariate, “2” – Categorical explanatory variable. 4 The 
groups of females with homozygous and heterozygous reporter genes; 5 Cells with bold font 
indicate significant correlations (P<0.05).  
Table B7. Relationship between the expression of the CMV-lacZ reporter gene in males, 
females, male-to-female expression ratio, and proximity to the nearest G4s. 
Expression1 Tissue2 
Spearman’s correlation3 Linear regression3 
Rho P-value4 R2 P-value4 
Male/Female 
Carcass -0.014 0.903 0.001 0.746 
Head 0.117 0.290 0.001 0.765 
Gonads 0.103 0.356 0.012 0.330 
Male 
Carcass 0.168 0.128 0.021 0.196 
Head 0.245 0.025 0.032 0.105 
Gonads 0.147 0.185 0.069 0.016 
Female 
Carcass 0.172 0.121 0.032 0.106 
Head 0.218 0.047 0.051 0.040 
Gonads 0.177 0.109 0.011 0.339 
1Male-to-female reporter gene expression ratio, expression in females and males; 2Target 
tissue; 3Spearman’s correlation and linear regression for the expression of the CMV-lacZ 
reporter genes in males, females, male-to-female expression ratio, and proximity to the 
nearest DCC binding sites. 4 Cells with bold font indicate significant correlations (P<0.05).  
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Table B8. Reporter gene expression for the whole body dissection in heterozygous females, 
homozygous females and males. 
Line 
ID 
Heterozigos female1 Homozygous female1 Male1 
Carcass Head Gonad Carcass Head Gonad Carcass Head Gonad 
X232 8.999 10.951 1.251 16.234 18.995 1.693 18.969 11.006 1.335 
X29 15.640 14.356 1.106 22.345 29.703 3.242 10.254 9.149 0.488 
X8 10.673 12.956 1.216 23.054 30.138 2.722 14.578 10.053 0.703 
X15 12.464 16.140 1.406 21.650 23.487 4.057 17.177 9.244 1.240 
X221 12.963 13.814 1.274 22.000 20.089 3.321 15.159 9.769 1.071 
X182 13.452 16.409 1.093 23.900 31.571 2.048 11.093 8.984 0.961 
X212 12.064 22.174 1.161 14.004 17.235 1.586 9.464 9.396 0.606 
X196 8.784 14.434 0.861 30.587 22.882 4.331 8.969 10.943 0.653 
X65 10.107 15.215 1.812 10.461 14.004 0.666 6.890 6.089 0.396 
X1 11.824 21.209 1.145 26.294 36.187 3.722 16.534 9.484 1.135 
X35 14.969 12.000 1.381 28.057 27.928 3.746 15.902 14.244 1.255 
X239 8.990 12.506 1.309 24.133 24.484 3.958 8.615 8.727 1.255 
X183 15.629 23.983 1.285 33.964 35.996 2.938 20.846 14.035 1.413 
X200 15.542 20.317 1.597 17.732 23.914 2.026 18.352 12.175 0.989 
X244 14.542 12.268 2.773 16.219 18.708 1.868 13.813 11.981 0.816 
1Normalized β-galactosidase activity (units/mg). 
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Table B9. Reporter gene expression in different tissues for the head dissection. 
Line ID 
Female Male 
Head case Brain Head case Brain 
X232 27.594 0.614 21.395 0.716 
X82 25.823 0.455 21.880 0.662 
X29 25.404 0.823 15.578 0.736 
X8 36.944 2.116 21.554 1.086 
X157 22.478 1.340 10.959 1.309 
X15 42.155 2.555 21.460 1.012 
X60 19.534 0.909 16.254 0.306 
X199 60.344 2.547 31.332 2.098 
X221 29.433 2.039 22.554 1.144 
X34 26.615 0.274 13.738 0.304 
X195 27.753 3.358 19.379 0.388 
X26 21.032 0.380 14.824 0.687 
X182 33.021 1.129 18.793 1.093 
X197 27.985 0.341 19.317 0.269 
X212 24.887 0.808 17.577 0.906 
X196 30.722 0.745 17.914 0.846 
X65 19.907 1.018 13.677 0.680 
X1 27.012 0.632 19.699 0.659 
X209 36.939 1.370 25.684 1.045 
X231 28.442 1.142 18.340 0.538 
X35 38.211 1.105 22.902 1.164 
X59 27.657 0.883 14.906 0.443 
X215 55.342 3.642 37.457 2.663 
X223 29.129 0.719 17.197 0.578 
X239 32.084 0.560 18.374 0.724 
X183 58.028 2.627 31.904 2.335 
X200 36.063 0.705 17.154 1.051 
X62 28.805 0.853 20.369 0.459 
X247 40.349 0.896 32.320 1.362 
X244 23.227 0.789 17.752 0.337 
X234 25.239 1.218 17.454 0.650 
X24 35.780 1.439 22.138 1.797 
1Normalized β-galactosidase activity (units/mg). 
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Table B10. Relationship between the expression of the CMV-lacZ reporter gene in males, 
females, male-to-female expression ratio, and proximity to the nearest DCC binding sites for 




Spearman’s correlation4 Linear regression4 
Rho P-value R2 P-value 
Male/Female 
Brain 
HAS 0.066 0.720 0.004 0.744 
MLЕ 0.068 0.711 0.012 0.545 
MSL2 0.021 0.910 0.002 0.832 
MSL3 0.079 0.666 0.020 0.441 
Head case 
HAS 0.004 0.983 0.010 0.583 
MLЕ 0.082 0.652 0.019 0.448 
MSL2 0.039 0.831 0.021 0.434 
MSL3 -0.046 0.801 0.010 0.594 
Male 
Brain 
HAS -0.125 0.495 0.060 0.175 
MLЕ -0.091 0.618 0.035 0.308 
MSL2 -0.168 0.357 0.069 0.145 
MSL3 -0.088 0.629 0.035 0.306 
Head case 
HAS -0.257 0.156 0.055 0.196 
MLЕ -0.067 0.713 0.017 0.473 
MSL2 -0.209 0.249 0.051 0.213 
MSL3 -0.192 0.290 0.027 0.373 
Female 
Brain 
HAS -0.188 0.302 0.065 0.160 
MLЕ -0.217 0.232 0.047 0.232 
MSL2 -0.195 0.284 0.069 0.148 
MSL3 -0.198 0.275 0.052 0.209 
Head case 
HAS -0.243 0.179 0.068 0.150 
MLЕ -0.150 0.411 0.043 0.256 
MSL2 -0.271 0.133 0.087 0.101 
MSL3 -0.133 0.465 0.040 0.272 
1Male-to-female reporter gene expression ratio, expression in females and males; 2Target 
tissue; 3The nearest HAS and the components of the DCC; 4Spearman’s correlation and linear 
regression for the expression of the CMV-lacZ reporter gene in males, females, male-to-
female expression ratio, and proximity to the nearest DCC binding sites.  
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Table B11. Genomic characteristics of mutations found by genome-wide analysis in INXS 
1/2. 















X 2,640,476 INXS1 C T Intron Sgg* - - 
X 5,326,178 INXS1 C T Coding region Mcm3* CG3309 - 
X 13,607,528 INXS2 C T Intron CG11178 - - 
X 14,180,973 INXS2 C T Intergenic - - CG11584 
X 14,515,518 INXS2 C T Intergenic - - - 
X 15,283,862 INXS2 C T Intergenic - - - 
X 16,239,180 INXS1 T A Intergenic - - - 
X 16,596,787 INXS2 G A Coding region CG9784 - - 
X 16,693,568 INXS2 G A Intron Septin4 - - 





- Coding region CG13003 - - 
X 17,340,022 INXS2 C T Intergenic - - - 
X 17,566,412 INXS2 T A Intergenic - ppk23 - 
X 17,566,675 INXS2 C T 3’ UTR ppk23 - - 
X 17,699,406 INXS2 A G 3’ UTR CG8188 - - 
X 17,845,247 INXS1 G A 5’ UTR Ucp4A* - CG8142 
X 18,390,699 INXS2 A T 3’ UTR CG32549 - - 
X 18,506,862 INXS2 A T Intron Ggt-1 - - 
X 20,012,220 INXS2 A T Intron Dop2R - - 
X 20,589,173 INXS2 C T Intergenic 
 
RunxA - 
X 20,869,041 INXS2 G A Coding region CG1314 - - 
X 20,991,513 INXS2 C T Intergenic - - - 
X 21,453,252 INXS2 A T Intron DIP-beta - - 
X 22,636,181 INXS2 C T Intergenic - - - 
3R 4,427,171 INXS2 G A Coding region CG31525* - - 
3R 4,427,425 INXS1 C T Coding region CG31525* - - 
2L 19,102,646 INXS1 A T 
Coding region,  





2R 7,683,208 INXS1 C T Coding region LRR* - - 
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Table B11 continued. 







3L 19,954,508 INXS1 G A 
Coding 
region 
CG42654* CG42655 CG42263 
3R 13,959,941 INXS1 G A 
Coding 
region 
Ipp* CG9925 - 
1Chromosomal location of the mutation; 2Genomic position; 3Nucleotide bases on the 5’->3’ 
DNA strand in D. melanogaster reference genome. 4Nucleotide bases on the 5’->3’ DNA 
strand in INXS mutants. 5Types of genomic location; 6Gene carrying the mutation; 7Gene 
located within 1.5 kb of the mutation site; 8Location is based on the DNA sequence of the 
P[wFl-ocnlacZ] reporter gene construct *Genes used as genotypic markers for recombination 
sites. 






UAS-RNAi2 UAS control3 
p-value4 
Fertile Sterile Fertile Sterile 
CG13003 
Bam 4 22 24 0 1.7E-10 
TJ 26 3 23 2 0.572 
Nanos 24 4 22 1 0.201 
CG1314 
Bam 24 0 25 0 1 
TJ 24 0 24 3 1 
Nanos 25 0 25 0 1 
Act5C 18 7 22 3 0.146 
CG31525 
Bam 22 1 24 0 0.489 
TJ 25 0 23 2 1 
Nanos 25 0 22 1 1 
1Gal4 promoters specific for various germline development stages (Bam, Nanos, TJ) and 
promoter, which drives ubiquitous Gal4 expression (Act5C); 2The number of fertile and 
sterile males in the offspring after crossing females carrying the Gal4 coding sequence and 
males with adjacent to UAS inverted repeat motive of a target gene; 3The number of fertile 
and sterile males in the offspring after crossing females carrying the Gal4 coding sequence 
and males of the line used for the creation of a specific RNAi transgenic line. 4Proportion of 














  C. Laboratory Protocols 
120 
 
Protocol C1. DNA extraction from fly tissues with MasterPureTM DNA Purification Kit 
(Epicentre, Madison, WI, USA). 
1. Collect 1 whole fly or 1 whole fly without abdomens into a microcentrifuge tube and 
freeze the samples in liquid nitrogen. 
2. Dilute 1 μl of Proteinase K into 300 μl of Tissue and Cell Lysis Solution for each sample. 
3. Grind frozen tissues and add 300μl of Tissue and Cell Lysis Solution containing the 
Proteinase K and mix thoroughly. 
4. Incubate at 65ºC for 15 min at 300 rpm and vortex every 5 minutes. 
5. Cool the samples to 37ºC and add 1μl RNAse A, then mix thoroughly. 
6. Incubate at 37ºC for 30 min and then place samples on ice for 3 – 5 min. 
7. Add 175 μl MPC Protein Precipitation reagent and vortex for 10 sec. 
8. Place the samples on ice for 3 – 5 min.  
9. Pellet the debris by centrifugation at 4ºC for 10 min at 13,200 rpm in a microcentrifuge. 
10. Transfer the supernatant to a clean microcentrifuge tube and discard the pellet. 
11. Add 500 μl of Isopropanol to the recovered supernatant. Invert the tube 30 – 40 times. 
12. Pellet the DNA by centrifugation at 4ºC for 10 min at 13,200 rpm in a microcentrifuge. 
13. Remove all of the Isopropanol without dislodging the DNA pellet. 
14. Rinse with 400 μl of 70% Ethanol and centrifuge at 4ºC for 3 min at 13,200 rpm. 
15. Remove all of the residual Ethanol and dry pellet for 15 min at room temperature. 
16. Resuspend the DNA in 30 μl ddH2O (26 μl for sequencing) and store the samples at -
20ºC. 
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Protocol C2. Restriction digest for the inverse PCR. 
1. Prepare the reaction solution in a microcentrifuge tube: 
13.5 μl ddH2O 
2.5 μl  CutSmart Buffer (1%) 
0.5 μl  RNAse A 
1 μl NEB restriction enzyme (New England Biolabs, Ipswich, MA, USA) 
7.5 μl DNA 
2. Incubation: 
1) 65oC for 25 min 
2) Overnight at -20oC 
3. Test restriction products using a 1% agarose gel electrophoresis (35 min, 100V). 
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Protocol C3. Ligation of DNA fragments. 
1. Prepare the reaction solution in a microcentrifuge tube: 
345.5 μl ddH2O 
1 μl  10X T4 DNA Ligase Buffer  
1 μl  T4 DNA Ligase 
1 μl Restriction enzyme (New England Biolabs, Ipswich, MA, USA) 
10 μl  Digested DNA 
2. Incubate at 16oC overnight. 
DNA precipitation: 
1. Add 40 μl of 3M sodium acetate to the ligated DNA. 
2. Add 1ml 96% ethanol and mix by inverting the tube. 
3. Incubate at -80oC overnight. 
4. Pellet the DNA by centrifugation at 4oC for 30 min at 14,000 rpm. 
5. Remove supernatant and wash pellet with 500 μl cold 70% ethanol. 
6. Centrifuge at 4oC for 15 min at 14,000 rpm. 
7. Remove all residual Ethanol with a pipette and air dry pellet for 15 min at room 
temperature. 
8. Resuspend the RNA in 20 μL ddH2O  
9. Measure DNA concentration on Nano-Drop and store the samples at -80oC. 
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Protocol C4. Inverse PCR of self-ligated DNA fragments. 
1. Prepare the reaction solution in a 200 μl PCR tube: 
10.4 μl ddH2O 
2 μl  10x PCR buffer (-MgCl2) 
0.8 μl  MgCl2 
0.8 μl 10 mM dNTPs 
0.4 μl Forward Primer (10 μM) 
0.4 μl Reverse Primer (10 μM) 
0.2 μl LongAmp Taq DNA Polymerase (New England Biolabs, Ipswich, MA, 
USA) 
5 μl DNA template  
2. Thermocycling program: 
1) 95oC for 5 min 
2) 95oC for 30 sec 
3) 55oC for 30 sec 
4) 72oC for 1.5 min 
5) Repeat steps 2 - 4 for 39 times 
6) 72oC 10 min 
7) Hold at 8oC  
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Protocol C5. Sequencing of PCR products with BigDye Terminator v1.1 procedure (Thermo 
Fisher Scientific, Waltham, MA, USA). 
1. For PCR products cleaning by ExoSAP (Thermo Fisher Scientific, Waltham, MA, 
USA) prepare the reaction solution in a 200 μl PCR tube: 
3.5 μl ddH2O 
0.5 μl  10x PCR buffer (-MgCl2) 
1 μl  ExoSAP 
20 μl PCR product 
2. Thermocycling program: 
1) 3795oC for 30 min 
2) 80oC for 15 min 
3) Hold at 8oC  
3. Prepare the reaction solution in a 200 μl PCR tube: 
2 μl BigDye reaction mix 
1 μl  5x BigDye Sequencing buffer 
1 μl  Primer 
3 μl ddH2O 
3 μl  DNA template 
4. Thermocycling conditions: 
1) 95oC for 1 min 
2) 96oC for 10 sec 
3) 50oC for 15 sec 
4) 60oC for 4 min 
5) Repeat steps 2 - 4 for 35 times 
6) Hold at 8oC  
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Protocol C6. PCR with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, 
Waltham, MA, USA) 
1. Prepare the reaction solution in a 200 μl PCR tube: 
12.4 μl ddH2O 
4 μl  5X Phusion HF Buffer 
0.4 μl dNTPs (10 μM) 
1 μl Forward Primer (10 μM) 
1 μl Reverse Primer (10 μM) 
0.2 μl Phusion DNA Polymerase 
0.5 -1 μl Template DNA 
2. Thermocycling program: 
1) 98oC for 30 sec 
2) 98oC for 5 sec 
3) 60-70oC for 20 sec 
4) 72oC for 30 sec 
5) Repeat steps 2 - 4 for 30 times 
6) 72oC 7 min 
7) Hold at 8oC  
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Protocol C7. Restriction digest of PCR products. 
1. Prepare the reaction solution in a microcentrifuge tube: 
3 μl ddH2O 
2.5 μl  CutSmart Buffer (1%) 
1 μl Restriction NEB enzymes 
15 μl DNA 
2. Incubate overnight at 37oC or as specified for each enzyme 
3. Test restriction products using a 1% agarose gel electrophoresis (35 min, 100V). 
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Protocol C8. RNA extraction from fly tissues with MasterPureTM DNA Purification Kit 
(Epicentre, Madison, WI, USA). 
1. Clean pestles and all surfaces with RNAse AWAY (Thermo Fisher Scientific, U.S.A) 
and 70% Ethanol. 
2. Collect 10 dissected testes or 7 fly abdomens per sample into a microcentrifuge tube 
and freeze the samples in liquid nitrogen. 
3. Dilute 2.5 μl of Proteinase K into 300 μl of Tissue and Cell Lysis Solution for each 
sample. 
4. Grind frozen tissues and add 300 μL of the proteinase K/TC lysis solution, keep on 
ice. 
5. Vortex thoroughly and incubate at 65ºC for 15 min; vortex every 5 min. 
6. Place the samples on ice for 3-5 min and then add 175 μl of MPC Protein Precipitation 
Reagent to the lysed sample and vortex for 10 sec. 
7. Pellet the precipitate by centrifugation. 
8. Transfer the supernatant to a clean microcentrifuge tube and discard the pellet. 
9. Add 500 μl of Isopropanol to the supernatant and invert the tube 30 – 40 times. 
10. Pellet the total nucleic acids by centrifugation at 4°C for 10 min at 14,000 rpm. 
11. Remove all residual isopropanol and rinse the pellet once with 70% ethanol. 
12. Centrifuge at 4ºC for 10 min at 14,000rpm and remove all ethanol with a pipette. 
13. Prepare 200 μl of DNase I solution for each sample by diluting 10 μl of RNase-free 
DNase I up to 200 μl with 1x DNase Buffer. 
14. Resuspend the total nucleic acid pellet in 200 μl of DNase I solution and incubate at 
37oC for 30 minutes. 
15. Add 200 μl of 2x Tissue and Cell Lysis Solution and vortex for 5 sec. 
16. Add 200 μl of MPC Protein Precipitation Reagent and vortex 10 sec. 
17. Place the samples on ice for 3 – 5 min and then pellet the debris by centrifugation at 
4oC for 10 min at 14,000 rpm. 
18. Transfer the supernatant into a clean microcentrifuge tube and discard the pellet. 
19. Add 500 μl of Isopropanol to the supernatant and invert the tube 30 – 40 times. 
20. Pellet the RNA by centrifugation at 4oC for 10 min at 14,000 rpm. 
21. Remove the Isopropanol without dislodging the RNA pellet. 
22. Add 400 μl 70% Ethanol, invert tube several times, centrifuge at 4oC for 10 min at 
14,000 rpm. 
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23. Remove all residual Ethanol with a pipette and air dry pellet for 15 min at room 
temperature. 
24. Resuspend the RNA in 20 μL ddH2O and add 1 μL RiboGuard RNase Inhibitor 
(Epicenter, USA). Store RNA samples at -80_C. 
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Protocol C9. First-strand cDNA generation 
1. Prepare the reaction solution in a 200 μl PCR tube: 
n μl 650 ng RNA template for samples with 10 testis  
  [1.5 μg for 7 whole fly samples] 
1 μl  Random hexamer primer (New England Biolabs, Ipswich, MA, USA) 
1 μl dNTPs (10 μM) 
n μl RNase-free H2O (to 13 μl total volume) 
2. Incubate 65oC for 5 minutes and place on ice (4oC) for at least 1 minute. 
3. Test restriction products using a 1% agarose gel electrophoresis (35 min, 100V). 
4. Spin down and add 7μL of the following mix: 
4 μl 5X First-strand buffer (Invitrogen Life Technologies) 
1 μl  DTT (0.1M) 
1 μl SuperScript III Reverse Transcriptase (Invitrogen Life Technologies, 
Carlsbad, CA, USA) 
15 μl RNase-free H2O 
5. Mix by pipetting and incubate: 50oC for 60 min, 70oC for 17 min.  
6. Spin down and add 1 μL RNase H 
7. Incubate: 37oC for 20 min 
8. Add 6μL of RNase-free H2O to have a final approximate concentration of 25 ng/μL.  
9. Check cDNA quality by PCR (Protocol 7) and 1% agarose gel electrophoresis (35 
min, 100V) 
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Protocol C10. qPCR with SYBR Green (Invitrogen Life Technologies) 
1. Pool 2-4 μL of each cDNA sample into a single stock to have enough cDNA for 5 
standard solutions in 2-3 technical replicates for one plate:  
1) 3 μL cDNA      1: 1 dilution (75 ng) 
2) 2 μL cDNA + 1 μL ddH2O    1: 1.5 dilution (50 ng) 
3) 1 μL cDNA + 2 μL ddH2O    1: 3 dilution (25 ng) 
4) 3 μL cDNA + 27 μL ddH2O   1: 10 dilution (7.5 ng) 
5) 3 μL cDNA of a 1:10 dilution + 12 μL ddH2O 1: 50 dilution (1.5 ng) 
2. Prepare the master mix for standards: 
5 μl SSO advanced SYBR green (BioRad, USA) 
1 μl Forward Primer (2 μM) 
1 μl Reverse Primer (2 μM) 
3 μl Template cDNA from stock dilutions 
3. Prepare the master mix for test samples: 
5 μl SSO advanced SYBR green 
4 μl  5X Phusion HF Buffer 
1 μl Forward Primer (2 μM) 
1 μl Reverse Primer (2 μM) 
1 μl Template cDNA 
2 μl ddH2O 
4. Thermocycling program: 
1) 95oC for 30 sec 
2) 95oC for 10 sec 
3) 61-63oC for 30 sec 
4) Plate read 
5) Repeat steps 2 – 4 for 35-40 times 
6) 95oC 10 sec 
7) Melt curve with 65-95 oC, increment 0.5oC 
8) Plate read 
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Protocol C11. β-galactosidase enzymatic activity assay for pooled samples 
1. Collect tissues from 5 flies for the whole fly dissection [10 flies for the head 
dissection] in a microcentrifuge tube. 
2. Homogenized tissue in 200 µl [135 µl] of lysis buffer (0.1 M Tris-HCl, 1 mM EDTA, 
7 mM 2-mercaptoethanol; pH 7.5). 
3. Incubate for 15 min on ice and centrifuge at 4oC for 15 min at 12,500 rpm.  
4. Transfer 130 µl of supernatant to a 200 μl PCR tube. 
5. Transfer 50 µl of the protein extract into two wells of a 96-well spectrophotometer 
plate for two technical replicates. Store the rest of the protein extract in -20 oC for the 
Lowry assay. 
6. Add 53 µl of 2X assay buffer (200 mM sodium phosphate (pH 7.3), 2 mM MgCl2, 100 
mM 2-mercaptoethanol, 1.33 mg/ml o-nitrophenyl--D-galactopyranoside) to another 
96-well plate. 
7. Add 50 µl of the 2X assay buffer to the spectrophotometer plate with a multichannel 
pipette and immediately run measurement of absorbance with a spectrophotometer for 
a total of 58 min at 420 nm at 37°. 
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Protocol C12. β-galactosidase enzymatic activity assay for single male samples 
1. Collect whole flies or fly abdomens in a microcentrifuge tube. 
2. Homogenized tissue in 55 µl of lysis buffer (0.1 M Tris-HCl, 1 mM EDTA, 7 mM 2-
mercaptoethanol; pH 7.5). Alternatively, freeze samples in liquid nitrogen, then grind 
frozen tissues and add 55 µl of the lysis buffer. 
3. Incubate for 15 min on ice and centrifuge at 4oC for 8 min at 12,500 rpm.  
4. Transfer 50 µl of supernatant to a 96-well spectrophotometer plate. 
5. Add 53 µl of the 2X assay buffer (200 mM sodium phosphate (pH 7.3), 2 mM MgCl2, 
100 mM 2-mercaptoethanol, 1.33 mg/ml o-nitrophenyl--D-galactopyranoside) to 
another 96-well plate. 
6. Add 50 µl of the 2X assay buffer to the spectrophotometer plate with a multichannel 
pipette and immediately run measurement of absorbance with a spectrophotometer for 
a total of 58 min at 420 nm at 37°. 
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Protocol C13. Total soluble protein concentration measuring with the Lowry assay 
1. Dilute 10 µl (for the whole fly dissection) or 10 µl (for the head dissection) of the 
protein extract in 200 µl of ddH2O in a microcentrifuge tube. 
2. Prepare standard BSA (Bovine Serum Albumin) solutions: 
1) 200 μL ddH2O  0 μL 0.5 mg/ml BSA 
2) 195 μL ddH2O  5 μL 0.5 mg/ml BSA 
3) 190 μL ddH2O  10 μL 0.5 mg/ml BSA 
4) 185 μL ddH2O  15 μL 0.5 mg/ml BSA 
5) 180 μL ddH2O  20 μL 0.5 mg/ml BSA 
6) 175 μL ddH2O  25 μL 0.5 mg/ml BSA 
7) 170 μL ddH2O  30 μL 0.5 mg/ml BSA 
3. Add of 200 µl of CTC working solution (0.025% (wt/vol) copper sulfate, 0.025% 
(wt/vol) potassium tartrate, 2.5% (wt/vol) sodium carbonate, 0.2 N NaOH, 2.5% SDS) 
to test and standard tubes. 
4. Incubate for 10 min at room temperature.  
5. Add 20% of Folin and Ciocalteu’s phenol reagent (Sigma–Aldrich, Steinheim, 
Germany) and incubate at room temperature for 30 min. 
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